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FOREWORD

This report presents the second velume of a two-volume final
report on a one-year study entitled "Anuiysis of Apollo Space-
craft Parachutes." (The companion volume 1is listed as Reference
1.) This study was performed by Northrop Ventura for NASA/MSC
under Contract NAS-9-8131. Messrs, M. A, Silveira, K., Hinson
and C. Eldred of NASA/MSC monitored and reviewed the study.

This study, designated as Project 0Ol1l1l at Northrop Ventura,
was carried out with direction from the Systems Engineering
Group under Mr. R. G. [emm. Program direction was provided

by Mr. T. W. Knacke of the Advanced Design Group, and the
Project Englineer was Mr. F. E. Mickey of the Aerospace Landing
Systems Project Office.

Principle authors of the sections in the body of the report
are as follows:

Mr. W. M. Mullins, Section 3;
T. Reynolds, Section 4;

Dr. K. G. Lindh, Section 5; and
R. Bottorff, Section 6.

The authors greatfully acknowledge the contribution of Mr.

R. L. Ranes in the development of the structural analysis
methods presented in Section 3 and also the valuable assistance
of Mr. A. J. McEwan, who prepared Sectlon 5.5.
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ABSTRACT

The major factors in structural analysis of parachutes are re-
viewed, including ultimate strength, design factors, safety
factors, external loading, and internal loading of the individual
structural members. A method for computing the internal load
distribution for a paracnute with a glven applied riser load

and canopy diff :rential pressure distribution is presented,

and comparisons of the predicted canopy shapes and internal
loadings with Apollo development test results are given. The
analysis discussed above 1s modiflied to glve better representation
of ribbon parachutes with vertical ribbons, and a comparison of
results of the two analyses 1s given. A study of data obtained

in dynami~ loading tests of pllot chute risers adds to the under-
standing of the effects of high load onset rates which occur

at main parachute canopy stretch. A study of methods for measuring
parachute aerodynamic and internal loading is performed, and a
plan is developed for a three-phase test program to acquire needed
data.
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SECTION 1.0
INTRODUCTION

The Apollo parachute landing system was designed, developed and
qualiii~i by Northrop Ventura during the period 1962-1968. 1In
the normal cource of this development, many flight tests were
made, and extensive data on the performance of the Apollo space-
craft parachutes were collected. These data were used as the
basis for developing the methods that have been used during the
course of the flight test program for estimating loads and in
making structural analyses for the three Apollo parachute as-
semblies: the drogue, pilot and main parachutes.

It was recognized that there would be substantial vaiue in an
analysis effort that would reviex all the flight to2st data at

one time. In particular, it was seen that an analysis effort

at this time would be free of the day-to-day pressures associated
with a development program, and that consequently it could up-
grade the loads and stress analysis methods used for the Apollo
parachutes in ways that could not have been done previously. The
present study was therefore authorized with the objective of up-
grading and improving the loads, stress and perforhance pre-
diction methods for the Apollo spacecraft parachutes. Also, in-
cluded in thls study are the three additional tasks: (1) developing
ideas for a new theoretical approach to the parachute opening
process, (2) developing ideas for new experimental-analytical
techniques to lmprove the measurement of pressures, stresses and
strains in inflight parachutes, and (3) conducting a computer
study to explain the data obtalined in certain riser dynamics tests
performed at Northrop Ventura in 1967.
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The results of the study are published in two volumes as follows:

INVESTIGATION OF PREDICTION METHODS FOR THE LOADS
AND STRESSES OF APOLLO TYPE SPACECRAFT PARACHUTES
VOLUME I - LOADS
and

INVESTIGATION OF PREDICTION METHODS FOR THE LOADS
AND STRESSES OF APOLLO TYPE SPACECRAFT PARACHUTES
VOLUME II - STRESSES

The present volume 1s VOLUME II - STRESSES. The companion
volume 1s listed as Reference 1.

1.1 INTRODUCTION TO VOLUME IIX

Increases in the Apollo spacecraft weight without corresnponding
increases in recovery system weight and volume brought about a
need for increased accuracy in the structural analysis of para-
chutes. Improvements in the prediction of material and joint
strengths were made by laboratory testing and by use of prob-
ability theory. Improvements in the predictions of internal
load distribution were accomplished by development of improved
analytical methods.

The internal load analysis method that was evolved during the
Apollo development programs was a significant advance in the state
of the art. However, the full potential of the method was not
utilized because of the press of schedule. A large number of

hand calculations were required to obtain a solution so that

only a limited number of conditions could be investigated, even
with a simplified structural model. Correlation of the analytical
results with test data was also limited.

The purpose of this study 1s to further improve the structural
analysis methods., Use 1s made of the Apollo flight test data to

2 NVR-6432



corroborate and refine the structural analys!s methods. A digital
computer program developed during thic study 1s used to investi-
gate the 1lnternal load distribution durlng the deployment process
to a degree not previously possible. This analysis 1s rurther
extended to give more realistic modeling of ribbon parachutes,

An 1nvestigation of pilot chute riser dynamics utllizing Apollo
laboratory test data is also included. The need for additional
information on tne aerodynamic forces acting on parachutes

during deployment 1s demonstrated, and a plan for acquiring this
data is developed.

Section 1.2 is a review of the literature on parachute structural
analysis. starting with the work of Jones and Taylor published in
1323. In Section 2 the major terms used in the structural aralysis
of parachutes are defined and discussed.

The methods for determining internal loads used in this study are
derived in Section 3, and flow diagrams of two computer programs,
CANO and CANO 1 which implement the analyses are given.

In Section 4 the analyses discussed above are applied to the
Apollo drogue, pilot and main parachutes, and the results are
compar2d with test data accumulated during the Apollo development
and qualification test programs. Included in Section 4 are the
following analyses: Drogue chute reefed -- interal load distri-
bution and comparison of shape with test photographs; Drogue chute
disreefed -- modeling sensitivity study, pressure distributlion
sensitivity study, canopy growth study, film analysis, failure
analysis, and vertical riobon load analysis; Pilot parachute --
interal loads analysis aund film analysis; Main Parachute internal
load analysis, failure analysis, pressure distribution and film
analysis, stress-time history, and optimum welght calculations.

In Section 5, a study of the dynamic loading of pilot parachute
risers is given. Section 6 is a study of the techniques for
measuring the parachute canopy differential pressure and internal
loads.
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1.2 LITERATURE SURVEY - STRESS ANALYSIS METHODS

The stresses in a parac.iute canopy are dependent on the inflated
shape, which in turn depends on the stress distribution. This
interaction requires that the solutions ol canopy stresses and
shape be obtained simultaneously. It 1s understandable, there-
fore, that much of the effort in parachute stress analysis 1is
concerned with canopy s..apes.

The earliest analytical studies of parachute canopy shapes were
performed by the British ilnvestigators Taylor, Southwell, Griffiths,
Jones, and Williams at the Royal Alrcraft Establishment in 1919,
This work was summarized by Jones in 19232. The theoretical

canopy shape (known as the Taylor Shape) that was derived has

served as the basls for most theoretical work until recent times.

The "Taylor Shape" is the shape that would be assumed by an axi-
symmetric parachute with an infinite number of suspension lines
and zero hoop stress. Taylor reasoned that this shape, which is a
surface of revolution in the limit, would be the flattest possible
and therefore the optimum proflle. He then concluded that the
excess material in the pleats or bulges could be removed without
affecting the profile, thereby giving a parachute of minimum weight.
Although his reasoning at this point was erroneous, (the effect

of the excess material in the bulges does not disappear as the
number of suspension lines approaches infinity), the shape derived
glves a good approximation of the radial tape profiles of con-
ventional parachutes.

Taylor also formulated the equations for equilibrium and continulty
in a gore bulge and showed that his equation in general form is
equivalent to the general membrane equation.

4 NVR-6432



If the differential pressure 1s uniform over a canopy, the Taylor
shape 1s defined by:

r2
7= Sing
a

where:

= the local half-diameter
= the maximum half-diametecr

Y = angle between the central axis
and a normal to the canopy
surface

Tables of rectangular coodinates for the profile curve are given
in Reference 2 for the constant pressure case and two nonuniform
distributions expressed in functlional form.

Equations are also developed by the other authors for shapes 1in
which the hoop stress 1is not zero, and tables of rectangular
coordinates are given for cases in which the hoop tension is
constant or varles as a function of r. Weight estimates are
presented for parachutes constructed to these theoretical shapes
and cloth stresses are given, Sectlion 3 of Reference 2 gilves
results of wind tunnel tests of these parachute shapes, including
pressure and force measurements.

In 1942 Stevens and Johns3 considered the case of a parachute with
a finite number of suspension lines which extended over the canopy.
The cords were made shorter than the gore panels so that the cloth
carrlied only hoop stress. Through an oversimplification of the
geometry the erroneous conclusion was drawn that the tension in

the cords would be constant from skirt to vent, It 1s interesting
to note that in the analyses of Taylor the cloth stresses were 1n
ther meridional direction only, while Stevens and Johns obtained
the same shape by assumling cloth stresses to be in the hoop
direction only.
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Beckl‘ summarized the German work on parachutes in 1942. Ex-
pressions are given for membrane stresses in surfaces of revolution
for constant and linearly varying pressures.

Investigations of conical ribbon parachutes were conducted by
Jaeger, Culver and Della-Vedowa of Lockheed Arcraft5-8 in
1952, A method was developed for estimating the maximum hori-
zontal ana radial tape loads in conical ribbon parachutes loaded
by uniform pressure. The upper portion of the canopy was assumed
to be a cone with zero meridional load and the lower portion was
assumed to be an ellipsold, with zero hoop tension.

A comprehensive report by Topping, Marketos, and Costakos? 1in
1955 brought together all previous work in the field of parachute
stress analysis. This work approaches the practical 1limit of
refinement in the approach used, i.e., the fitting of functional
curves to the parachute shapes. Analytical solutions are given
for fully inflated shapes of solid flat, extended skirt, personnel
gulilde surface and conical ringslot parachutes loaded by uniform
pressure. Various modifications to the Taylor equation were made
to better approximate shapes observed 1n photograph of parachutes
in steady descent. Radlal cord tensions and cloth stresses con-
slstent with the analytically determined shapes were calculated.
Several regresentative dimensions obtained from the analytical
solution for each of the four types of parachutes studied agreed
with corresponding dimensions obtalned from phctographs within

g percent. For the flat canopy, dimenslons agreed within about

L, percent. Since this degree of accuracy might appear to be ac-
ceptable, it should be pointed out that the varlation in stress
implied 1s much greater than the percentages given. For a typlcal
nylon material (MIL-C-7020 Type I, cloth) 5 percent variation in
strain corresponds to a 50 percent change in stress. The effects
of varying such parameters as the suspension line length, number
of gores and cone angles, as well as the effect of other details,
were studied.

6 NVR-6432



A generalized equation for Taylor type curves was glven by

LesterlO in 1962,

2

[

sin 2 = % [-x -1+ EE ]
a

By varying the parameter A, a family of curves 1s generated
which may be used to represent different parachute types.

Heinrich, together with Monson and Jamisonll'lLL developed a

method tor computing canopy cloth stresses for a known profile
and pressure distribution. Since the gore centerline 1s usually
the profile observed in photographs, equations were developed
using this proflle. A set of five simultaneous equations are
gilven which can ¥e solved by an iterative process to obtaln cloth
stresses. This method is also presented in the "Parachute
Handbook"ls.

16 in 19€6 is based on the

assumption that the major (circumferential) stress is a result of
a dynamic force in a plane pesrpendicular to that of the opening

A dynamic analysis presented by Asfour

shock. Clircumferentlal stresses are computed by equating the
energy absorbed by the cloth to the kinetic energy of the alr mass
expanding to fill the canopy during inflation. It is assumed

that each horlzontal member forms a circular ring around the
canopy, 1l.e., the bulges dlsappear, at the time of maximum stress.
This assumption, together with that of a linear stress-strain
relationship, gives these rings linear spring rates and makes it
possible to solve the energy equation in closed form.

In the Apollo Block I stress ana1y5159 and 10 Speakman and Topp

treated the parachutes as surfaces of revolution. The pilot
chute and the reefed drogue and main parachutes were assumed to be
hemispheres loaded by uniform pressure, Analysis of the drogue
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and main parachutes in the full open condition were improved by
approximating the shape observed 1n drop test photographs by
ellipsoids. In the analysis of the maln canopy, further refine-
ment was made by using a nonunliform pressure distribution based
on steady state wind tunnel test results.

In the Apollo Block II stress analysls of the main parachute by
Ranes, Topp and Utzman,l8 a new method was used which accounted
for the effect of the bulgling of the salls between the radial

tapes and for the relationship between meridional curvature and
forces. Pressure distribution data from wind tunnel tests were
incorporated and the curvature of the radial tapes was assumed

to be elliptical. Sail strain compatibllity was used to select

a best-fit ellipse. While this method represented a major step

in development of a rational analytical method, it was limited

by its reliance on a functional curve to describe canopy curvature,
In effect, the canopy was forced into a convenient shape without
regard for local member stiffness. As pointed out in that analysis,
a change of U4 percent in the diameter at a particular section
could result in a 50 percent change in the calculated stress.

In the Block II (H) Program, a major step was taken in the de-
velopment of a more realistic method for determining the load
distribution in a parachute canopy. This method, which 1s given
iq Section 3, determines the unique shape and internal load distri-
bution which satlsfies equililibrium and boundary conditions for a
given papyachute and applied loading. The final stress analysis
for the Apollo Block II (H)19 used this method. However, verifi-
cation of the method by correlation with test results was limited.
Verification and continued refinement of the method by correlation
with the test data obtalned in the Apollo ELS test program 1is one
of the goals of thls study.
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SECTION 2.0
DISCUSSION OF PARACHUTE STRUCTURAL ANALYSIS

The major factors encompassed in the structural analysis of
a parachute are those app~aring in the margin of safety equation,

MS = Ultimate strength x deslign factors
Limit load x safety factor

Each of these factors is discussed in the paragraphs below.

2.1 MARGIN OF SAFETY

The margin of safety of 2 component is the ratio of excess
strength to the required strength of the component. An ideal
design would have a zero or small positive margin of safety
for every member.

2.2 SAFETY FACTOR

The safety factor is the ratin of the required ultimate strength
to the 1imit locad applied to a member under the worst case that
can be expected to occur with reasonable probability within the
envelope of normal operating conditions. This is the "ignorance"
factor which covers the uncertainties in load and strength pre-
dictions. Since the weight and volume of the parachute will vary
almost linearly with this factor, it 1s desirable to use the
lowest fac&or conslistent with the accuracy of the analyses,

2.3 DESIGN FACTORS

Design factors account for reduction in ultimate strength due
to environmental degradation and for lncreases in some member
loads due to nonsymmetrical loading of the parachute.
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2.4 ULTIMATE STRENGTH

The ultimate strength cf a parachute member 1s usually limited
by the strength cf splices within the member or at jolnts with
other members. In the Apollo program, representative joints
were tested to destruction in the laboratory to determine the
expected strength of the jolnts relative to the base material
strength.

Joint strength
Base material strength

Joint efficiency =

and

Ultimate Strength = Material Rated Strength x Jolint Efficiency

Strengths based on static (low speed) joint and material tests
are presently used for most members., For pilot parachute risers,
however, there is evidence that the high load onset rate at

time of canopy stretch glves important dynamic effects. Section
5 1s a study of the behavior of the Apollo pilot chute riser
under dynamic loading.

2.5 LIMIT LOAD

The limit load in a member 1s a function of the external loading
on the parachute and of the internal distribution of this loading.

2.5.1 External Loading

Primary external loads on a parachute are the rilser load and

the reacting differential pressure on the canopy surface., Most
of the effort in parachute loads analysis 1s directed toward pre-
diction of riser loads, and methods have been developed which
predicts this load with a high degree of accuracy. (See, for
example, Volume 1).

There is very little quantitative information on the differential
pressure distribution on parachute canoplies. The most meaningful
empirical data avallable comes from the work dcne by Melzig,

10 NVR-6432



References 20 and 21 glve the results of wind tunnel and free
flight tests ln which local pressures were measured at four
points in parachute canoples durlng opening. Further dis-
cussion of the detalls of these tests is given in Section 6,

Figure 1 1s a plot of the data for a typlcal wind tunnel run
from Reference 20. The variation in differential pressure coef-
ficient versus time at the four pressure transducers is shown.
It is 3een that a pressure peak starts at the vent and moves
2apidly down the canopy to the skirt. Correlation with load-
time traces show that maximum load occurs at approximately

the time this reak reaches the skirt, although develcpment of
maximum canopy projected area nccurs somewhat later.

The results of drop tests given in Reference 21 differ from the
wind tunnel data in that the pressure peak never reaches the

skirt because of the decay 1n the dynamic pressure during opening
under finite mass conditions. Canopy loading was very low (1/3 psf)
for the tests of Reference 21. It would be expected that behavior
of the more highly loaded spacecraft parachutes would be some-
where between the limits explored in References 20 and 2l.

For reefed parachutes there are no pressure measurement data
available. In the stress-time study of Section 4,3,4, the feasi-
bility of inferring the pressure distribution from the shape of

a parachute 1s explored.

2.5.2 Internal Loading

Loads in the lndividual parachute members for a given riser
load and pressure distribution are determined by the method given
in the following section.
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SECTION 3
PARAC- JTE INTERNAL IOAD DISTRIBUTION

The determination of the internal load distribution for a given
parachute and set of external loads 1s the subject of this sectlon.

The basic analys!s method, which has been implemented in a com-
puter program called CANO, 1s derived in Section 3.1 This
analysis 1s used for most of the test data correlation work in
Section 4. A further refinement of the analysis, which is im-
plemented in Program CANO 1, 1s presented in Section 3.2.

3.1 PROGRAM CANO - AN INTERNAL LOAD ANALYSIS FOR PARACHUTES

The analysis method which follows determines the unique shape
and internal load distribution which satisfies equilibrium and
boundary conditions for a given parachiute under the influence
of known riser and aerodynamic forces.

This analysis i: applicable to either reefed or fully open
symmetrical designs, such as the ribbon, ringslot, and ringsail
parachutes, which have meridional members which may be assumed
to carry all meridional forces.

A general description of the method and assumptions is given
first, followed by derivation of the equations and a solution
algorithm.

3.1.1 Descriptlon of the Method

The parachute 1s treated as a deiformable membrane, and finite
elements are used to represent the structure. The structural
model of the canopy consists of horizontal slices (or segments)
conveniently spaced along the meridional members frcm the skirt
to the vent. Each segment iIs defined by its length along the
meridian, the free length of the horizontal member connecting
adjacent meridional members, and the load strain curves for these
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members. Loads and geometry are computer at reference stations
located at the midpoints of the segments.

The following assumptions are made:

1) Meridional curvature 1is constant over each segment,
and the curvatures of adjacent segments are tangent
at their junctions.

2) All mericdional forces are in the meridional members
iradial tapes).

3) Horizontal members have no meridional curvature, but
each has a constant radius of curvature which is
normal to the meridional member at the reference
station.

The simplifying assumptions given above make it possible to
compute the end reaction of a horizontal member as a free body.
This end reaction is then resolved into three mutually perpendi-
cular forces tangent and normal to the meridional member, from
which the loading and radius of curvature of the meridional
member can be computed.

The varlation of differential pressure along the meridian is
represented by a nondimensional distribution curve. Magnitude
of the differential pressure is aajusted to give overall force
balance by two factors; 1) the average pressure acting on the
projected area of the skirt, and 2) an integration factor
which accounts for the shape of the distributlion curve and the
geometric porosity of the model.

A solution 1s obtained for a trlal skirt diameter and pressure
integration factor by establishing equilibrium geometry, first
at the skirt then at each successive station to the vent. This
trial solution is then examined for compatibility with boundary
conditions at the vent. (See discussion below) This process
is repeated with corrected trial skirt diameters and pressure
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factors until the boundary conditions at the vent are satisfied
and an overall force balance 1s achleved.

Boundary conditions at the vent are checked as follows: The

load in a meridional member at the vent band station 1s reacted
by a vent line. The stretched ° 7th of the vent line under

this loading 1s compared with ti . computed dilameter. The other
boundary condition is zero slope of the meridian at the vent,

if an idealized case in which no pressure is acting on the vent
lines iIs considered. This singularity is avoided in a practical
manner by allowing a small positive slone. This slope is limited
by a requirement that the total vertical component of the meri-
dional member loads not exceed 75 percent of the force :hat would
be produced by the local pressure acting on an area equal to
that of the vent.

3.1.2 Derivation of Equations

Since the solution procedure 1is not straightforward, no attempt
Is made to follow the computing sequence in the derivations
which follow. A solution algorithm is shown in the form of a
flow diagram of computer program CANO in Figure 2, page 26€.
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Equilibrium below the skirt - unreefed

A profile view of a fully inflated, unreefed parachute is shown
below.

For a given skirt diameter, equilibrium geometry is established
as follows:

- -1 )
a = sin hrb/Ls(l + qL)] (1)
\'J
P, = —~———— 2
L M cos a (2)
where: a = suspension line convergence angle
L; = initial length of suspension lines
€], = strain of the suspension lines under load, PL
V = applied riser load
M = number of suspension lines (also number of gores)

Equations (1) and (2) are solved simultaneously by the method
shown in Figure 3, page 27.
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Equilibrium below the effective skirt, reefed

For reefed parachutes it is assumed that differential pressure
acts on the inflated portion of the canopy only, so that the
radial tapes are straight in the uninflated portion. PFor a
given development angle, b, equilibrium geometry is establ ished
as follows:

s
#: —Effective a = sin"! p e (l4+€p) (R
skirt a/ls L) (3)
\'
—_ P, = —— 4
™~ L M cos a ( )
Ppp f
C P = v
~ f R Mcoshb (5)
v n
T ——— tan b - tan a 6
A oM sinn/M* ] (6)
Lg (1 +¢,)
r, = (7)
2M sin /M
r, =r +c' (1 + €g) sin b (8)
Where:

Ls', LR', and C' are manufactured lengths

€0 4o and €r are unit strains for loads

P P
v
!

Equa.ions (3) through (8) are resolved simultaneously by the
method shown in Pigure U, Page 28.

I? PA, and PR
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From View A-A

Plane A
From the view of plane A
St,
R = =
s =2 (9)
R 2
Ag =_2§(2¢ - sin 2¥%) (10)
Rg? 2
Al = —-2—— sin M (11)

Projected area in horizontal plane (view B-B)

A= M(AB + Al) sin @ (12)

Local differentlal pressure

o = B VA (13)

P

where: p = local differential pressure
-p' = pressure coefficient from pressure ~.-tribution
curve
kp = Integration factor-a function of the shape of the

distribution curve and geometric porosity

The above equations are solved simultaneously by the metheod
shown in Figure 3 or 4,
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A TYPICAL HORIZONTAL ELEMENT

Radials

View in Plane A
From summation of forces in direction R’

h
Ny = 20 14
\ 2 sin ¥ (14)
where: N¢ = unit tension load in horizontal member

h = 2r sin /M (15)
Therefore Ny = BT sin T/M (16)

sin v

The arc length S, 1s given by

S,' =2 V Rg (17)
Since: '

Rg 8in ¥ = r sin n/M (18)

Syt = 2V r sin n/M (19)
sin V

The length of the horizontal element
.Sy, = Sy (1+ eg) (20)

manufactured length of the horizontal
member

unit strain of the horizontal member for
load NW

where: Sp

€

1]

A value for V¥ 1is found by iteration to give
S, = S (21)
This procedure is shown schematically in Figure 2, page 26,
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Resolution of Ny

The edge force in a horizontal member, N., 1s resolved into
three mutually perpendicular components; (1) A4Pg, tangent to
the meridional memter, (2) Nz, normal to the meridional member
in a plane which includes the central axis, and (3) Ny , a cir-
cumferential force.

From the view in Plane A:

NQ = Ny sin {/cos @ (22)
and N, = N, [cos y 4 8in ¥ sina l (23)
P L o4
cos «
Angle ¢ is defined as follows
From Equation (15)
h = 2r sin /M
stne = B - 228InT/M _ i) n/Msin o (24)

2Rg 2r/sin @

NP 1s resolved into components in the desired directlions by
first resolving ‘it into two components in the horizontal plane

as shown below.
Radials

View In Horlzontal Plane
sin V sin ¢

Ng = Np cos /M = Ny cos m/M [cos v o+

o5 o (25)

NRy = Np sin m/M (26)

H
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The resolution of NRy into the dlrections of N and APp
be seen with a view in the plane of a meridional member.

N b
R

r

View In Plane Of Radial Tape

From L.FZ = 0

NR!' cos @
APg = ——————— (27)
R sin &
-
From 4 FgR = O and equation 23 and 24

Ng' = Ngy 8in § = Np sin a

Ny sin a | COS ¥ + sin ¥V sin a/cos a (28)

Combining equations (22) and (28)
NR =NQ - NR'
Ngr= Nw[sin Y/cos o = 8in a (cos ¥ + sin V¥ sin a/cos a)] (29)

Substituting equation (28) into (27)

APR = Ny sin m/M cos @ {cos ¥ + sin ¥ sin a/cos a)
(30)
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EQUILIBRIUM OF A SEGMENT OF A MERIDIONAL MEMBER

(loaded by two adjacent horizontal member ends)

A@ is sufficiently small to make APR AS negligible compared to
Pg. Summation of forces in direction R results in:

2(2 NgRg sin 4g/2) = 2(Pg sin 8g/2)
therefore

RO = Pg/2Np (31)

The above equations can be combined to give a form similar to

the geneal membrane equation (p = gg + gg ):

P N
R 0 8in @ ] 2 )
- e ———————— G ——— l - sj_n - 8in
e [2r Rﬂ sin T r cos © J- M g
M M
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LOAD IN THE MERIDIONAL MEMBER, PR

At the skirt the axial load in the meridional member 1is equal
to the suspension llne load.

Vv

P, (skirt) = ——v—
R M sin @

(32)

At sulsequent stations PR is computed by subtrac ing the ac-
cumulated APR from the initial value. Since there are two
horizontal member ends acting on each meridional member, the
load at station Jj 1s given by

P = P

Rj R( - (2 aPg AS/e)(J_l)-(a APp AS/2)J (33)

j-1)

Length of segment J 1is given

ASJ = A85 (1 + eRJ)

where: ,
ASJ ’s the manufactured length of the segment

eRJis unit strain under load PRJ.
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I"J = r(J-l) - [b +.e](J_1) + rb - e]J (3/4—)

A A
r, = r(J-l) -[Rg(l - cos §g)sin g+ R¢ sin 52 cos ¢](J-1)

+ er(l-cos ég) gsin @ - R¢ 8sin ég cos ¢]J
2y = 2(40) " Fg-d](J_l) + l'g+d]J (35)

z, = z(J_l)-[R¢(1-cos§g) cos @ - R¢ sin %? sin ¢](J_1)

(1 - cos ég) cos @ + R¢ sin 22 cos QJJ

+ [R 5

/
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3.1.3 Solution Algorithm

A flow diagram for Program CANO is presented in Figure 2.

A user's manual which includes a listing of thls program 1is
gliven in Reference 22,
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3.2 PROGRAM CANO 1 - AN INTERNAL LOADS ANALYSIS FOR RIBBON
PARACHUTES
In deriving the equations for canopy internal load aistribution,
Section 3.1, it was assumed that the horizontal memters bulge
outward perpendicular to the meridional members, i.e., angle
B =0 1in Figure 5 . It 1s seen in the photograph in Figure
5 that this assumption 1s not realistic for ribbon parachutes.
The vertical members between the meridional members, or radial
tapes, pull the skirt band and adjacent horizontal members up so
they are not perpendlicular to the meridians. As a result, the
vertical members pick up axial load which would otherwise be in
the radial tapes. This analysls attempts to account for the
effect of the vertical members on the internal load distribution
in the canopy.

3.2.1 Descriptioa of the Analysis Method and Assumptions

This analysis is 1ldentical to the CANO analysis given in Section
3.1, except that the equatlions and solution procedure are modi-
fled t7 include the effect of the vertical members. The struc-
tural model consists of horizontal slices (or segments) of the
canopy. Each segment 1s represented by a length of radial tape,
a horizontal member, and a vertical member which is uniformly
distributed across the width of the gore. Loads and geometry
are computed at reference stations located at the midpoints »f
the segments.

The following assumptions are made:

1) Meridional curvature 1s constant over each
segment, and the curvatures are tangent at
the junction between adjacent segments.

2) The horizontal ribbons have no meridional
curvature,

3) The edges of a horizontal ribbon 1lie in planes
parallel to the Plane B (Figure 6, )
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4) The projection of the horizontal ribbon on
Plane A (Figure 6) is a circular arc.

5) The horizontal ribbon is held in equilibrium
by a variable distributed force from the
vertical ribbons. This force 1s parallel to
the horizontal ribbon width, and is of a
magnitude such that the resultant of the force
system acting on the horizontal ribbon is in
Plane B (Figure 6).

6) The axial loads in the vertical ribbons are
transferred to the radial tapes over each seg-
ment from skirt to vent in proportion to the
decrease in gore width.

3.2.2 Derivation of Equations

Since the solution procedure is not straightforward, no
attempt is made to follow the computing sequence in the
derivations which follow. A solution algorithm 1is shown in
the form of a flow Aiagram for computer program CANO 1 in

Figure 7 , page 41 .
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Fig. 6. Canopy Geometry
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EQUILIBRIUM OF A TYPICAL HORIZONTAL RIBBON

From the assumptions that:

1) The load increment ANy (from the vertical
ribbon) 1s perpendicular to Plane A.

2) The pressure load is in Plane A,

3) The resultant of the two loads is in Plane B.

1t follows that

ANy = p cos § tan B (36)
as shown in the figures below
p cos § ,
ANV
]
—=Np  Np Y
NZ+NE S W ~n
Plane B
\\/ [ P ' o
N =‘!N2+N2+N'2
Plane B> LPlane A ' ¥ *'S T p
REE2
/ S T
4
/
i /
/
The end reaction is found as follows:
¥
Ng = S p cos 8§ Rg d5 = p Rg sin ¥ (37)
o
R
Np = S p cos & tan B Rg @ E=1p Rg sin ¥ tan 8 (38)
o
L4
N, = oRg [1 - \ sin § a8 =0 Rg cos ¥ (39)

3° 1%
N¢= [N82+-NT2 + (Np')a] = pr sin /M [cs02 v+ tan® BJ
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Length of the elliptical arc Is given by

rr/2l‘ o ——
S;' = RS . J@ - s1n® B sin® $)ad s
cos B
v
n/2
5" = 2rsin /M g 53028 s1n® 5) a2 (40)

sin V cos B ¥

v

Stretched length of the horizontal ribbon is given by:

S =Sy (1 +¢g) (41)
where:
SM = manufactured length of horlizontal ribbon
€S = unlt strain for load NW

A value for V¥ 1is found by iteration to give

S, = s! (42)

This procedure 1s shown schematically in Figure 7, page 41.

The three components of the horizontal ribbon end reaction,
Nmq, NS, NP', willl be resolved individually into three orthogc'. .
components perpendicular and tangent to the radlal tape,
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RESOLUTION OF REACTION Np

View in gore
centerline plane

N
NT e Tv
%
t

NTﬁ":ﬁ’

Np ‘cosh ‘N ing =N
Ty M T sin | o5
View in horizontal plane

forces on radial
from one horizontal

o

View in radial plane

sin g' = £cos /M

J(r cos TT/M)2+(r/tan ¢)2

_ 8in @ cos n/M (43)
cos a

cos @' = J& - 8in® g = cos @

cos Q
(44)
a = sin~} (sin @ sin n/M)
Nty = Np cos @' (45)
N’j_’\, = NT sin ﬂ' (46)
Ny = Npy sin m/M (47)
NgRg = Nqy cos @-Nqy cos m/M sin @
Nrg = 0 (48)

APRp = Ny sin @+Npy cos 7/M cos @
(49)
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Resolution of Né

and N

N = _l\ls_
Q  cos o
]
View in plane A
Resolution of Reaction NP
N
Ry
4
l&‘":— .\
e
M
¢

\ I
View in horizontal plan<
Ng, = Np cos /M
NRH = Np sin m/M
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Np, = Nq - Ny sin @ (53)

APRA = Ny cos /) (54)

|
(Forces on radial tape
from one horizontal ribbon)

View in plane of radial tape

Combining components of Np, Ng, and Np'
From Equations (37), (38), (39), (44), (45), (47), (50) and (52)

NO = rsiinwﬂ/M {cos /M (cos § + sin ¥ tan a)
n
8in 7/M 8in V ] (55)

cos @

- tan B cos @

Np = Ng, + NRg
From Equations (37), (39), (48), (50), (52), and (53)

-
N = pr sin /M lsin 1
cos

R sin v
APR = APRA + APRB

From Equations (37), (38): (39), (43)3 (uu), (45): (46), (49),
(50)0 (52), and (54)

- sina (cos ¥ + sin ¥ tan a)} (5€)

APR = pr'gifazéﬂ-tsin T/Mcos @ (cos ¥ + sin ¥ tan o)

] sin ¥
+ tfn B cos /M ey (57)

37 NVR-6432



The load in the vertical ribbons is zero at the skirt since this
18 a free edge. Each horizontal ribbon adds an increment of load,
ANVAS, so that the loading at station J 18 given by

Ny; =N N
J V(ge1) + (8Ny 85/2)y 1) + (BNy 85/2), (58)

Since the verticals intersect the radials as the gore width de-
creases from skirt to vent, the vertical ribbon load is transferred
to the radial tape. It 1s assumed that this transfer is proportional
to the decrease in gore width between reference stations. The force
applied to a radial over a length AS' 1s glven by:

APR, 8S' = Ny ASy cos /M

sPR, = N, 2 :‘"} cos /M (59)

m
w (approx)
Flat Pattern of Gore
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The load in a radlal tape at station (J) 1s given by:

PR(3) = Fr(g-1) “B(8Pg 88/2) (5. -2(8Pg £5/2),
(60)
+2 (APRv AS/2)(J_1)+2 (APva As/a)J

Curvature of Radlal Tape

The following approximation is used for the radius of curvature
of the radial tape:
PR + N
R_~= _B____inﬂ (61)
2] ) NR

This equation 18 identical to that derived in Sectlion 3.1 except
that the term NySMm 1s added to account for the load in the verti-
cal members. In the solutlions obtalned for the drogue chute
(Section 4,1.6), use of this equation results in equilibrium for

a vertical snection through the canopy when checked by the method
shown below.
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— PR(vent )

Rskir
vent
EFH =0=2 2N As 4—[(2 M PR/2ﬂr) r cos ﬂ] skiprt
skirt vent
+| (2 MPg/2nr) r cos ﬂ} -2 zbrAz -
[ vent Sk Tt (62)

Solution Algorithm

The equations for skirt equilibrium, radial tape geometry and
differential pressure are the same as those given in Section 3.1.
A solution algorlithm is glven in the form of a flow diagram for
computer program CANO 1 is given in Figure 7.
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READ INPUT DATA
Geometry, Strain Curves,
Pressure Curve, Riser lLoad

|

{ ASSUME PRESSURE COEFFICIENT, k,* |=

b
~[ASSUME SKIRT DIA, R_, or DEVELOPMENT ANGLE, b *|e

'
\/—.{ ASSUME HORIZONTAL RIBBON ANGLE, Bgkirt *i“’_—_

Reefed # Open

Fig. 4 I Fig, 3
[SKIRT EQUILIBRIUM [SKIRT EQUILIBRIUM
| ]

)
l ASSUME 8 |—|‘

[ASSUME_RADIAL TAPE LOAD, PRje—
[ B

ASSUME MERIDICNAL RADIUS
OF CURVATURE, Rg

[ ]
| ASSUME SAIIL BULGE ANGLE, v

i
[COMPULE SEGMENT GEOMETRY AMD LOADS]|

{

|COMPARE HORIZOWTAL RIBBON LENGTHS }

~{CHECK Y FOR DIVERGENCE |

y
COMPARE Ry

COMPARE Pp

[]
{[COMPARE VERTICAL T/PE LENGTH}

—{CHECK B _FOR DIVERGENCE |
[cHECK sTATION NO., 1  }—={i=1+1}—+

. 1=N
NOTE: Asterisk :
(*) denotes in- CHECK Bvenl:

put oy analyst

[CHECK VENT DIAMETER]) -

)
|CHECK AXIAL LOAD BALANCE}-

[PRINT RESULTS)

Fig. 7. Flow Diagram for Program CANO 1
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SECTION 4.0
TEST DATA REVIEW AND APPLICATION OF INTERNAL LOADS ANALYSIS

The objective of this section is to upgrade the structural anal-
ysis methods by use of the test data acquired during the Apollo
Test Programs. The forms of test data avallable are: 1) high-
speed motion plcture coverage from onboard, air-to-air, and
ground cameras; 2) load-time traces at the parachute riser;

3) dynamic pressure history from ASKANIA tracking; and 4) failure
analyses of drop tests in which parachutes were damaged or de-
stroyed. Appendix A summarizes the drop tests of the Apollo ELS
Bleek I, Block II and Block II (H) programs.

In this section, two methods are used to verify the analysis
mnethods presented in Section 3. PFirst, drop test photographs

are compared with the shape predicted analytically for the test
loading conditions. Since a unique shape is predicted fcr a
given pressure distribution and axial loading for a given para-
chute construction, correlation of the predicted and actual
shapes 1s evidence that the internal load prediction is correct
(if the pressure distribution used is correct). This is further
verified by comparison of predicted ultimate strength and failure
modes with test results.

Additional analyses are presented to show the sensitivity of
canopy size and internal loading to varlations in canopy con-
struction and pressure distribution.

Analysis of the main parachute 1s extended to include a stress-
time study throughout the opening process and optimum weight

calculation for the spacecraft design.

Three types of parachutes are used in the Apollo Earth Landing
System, the drogue, pilot, and main parachutes. The first
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two parachutes to be deployed are drogue chutes, which are ribbon
type parachutes that Iincorporate one stage of reefling. Three
pilot parachutes are deployed just as the drogues are dlsccun-
nected to extract the maln parachutes from their packing bags.
The pilot chute has a ringslot type canopy with an overinflation
line attached to the skirt. Final deceleration of the space-
craft to descent v~locity 1is accomplished by the three main
parachutes. These &re ringsail parachutes with two stages of
reefing. The analyses that follow will consider the parachutes
in the order of deployment.
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4.1 DROGUE CHUTE
4.1.1 Drogue Chute Structural Model

Structural details of the drogue chute are given in Figure 8

and the corresponding structural model is defined in Figure 9.

In modeling the canopy, all horizontal members, including the
skirt and vent bands, are represerted as finite elements. Initial
lengths and tape rated strengths are taken from the engineering
drawings and appropriate load-stralin curves are input to the
computer in tabular form. The reefing and overinflation lines,
which are attached at or near the skirt band, are included in

th2 model by the method discussed iIn Section 3.

Modeling of the mericicnal members presents a problem because
of vertical ribbons between the radial tapes. There is experi-
mental evidence that the verticals carry significant meridional
load, but the method used in program CANO assumes that all the
meridional load 1is carried by the radlial tapes. To approximate
their effect In the structural model used by CANO, the stiffness
contributed by the verticals 1is added to that of the radial
tapes. Results of a study to determine the sensitivity of the
solution of a fully inflated canopy to variations in meridional
stiffness are given in Figures 10 , 11 and 12 . Canopy profile,
horizontal member loading, and radial tape loading for three
models differing only in the stiffness of the meridional members
cre compared. Model I has radial tapes only; Model II has the
two verticals nearest the radlal fully effective; and Model III
has all of the verticals fully effective. 1In the latter two
models, the vertical stiffness 1s diminished linearly from fully
effective at the station with maximum diameter to zero at the
skirt. It is concluded from these figures that modeling variations
of the meridional members are not significant in determination
of the canopy profile but can affect the maximum load in hori-
zontal tapes. A difference of approximately eight percent in
the maximum horizontal tape load is observed between Mouels I

and III. Further study of the effect of vertical ribbons using

the analysis of Section 3.2 is presented in Section 4.1.6.
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4,1.2 Drogue Chute Pressure Distributions

The drogue parachute 1s analyzed for both the reefed and open
stages since not all canopy members are subjected tc their
critical loads in the same stage.

Since pressure distribution data for reefed parachutes iz not
avalilable, the canopy is assumed to have a uniform pressure
differential over the inflated portion of the canopy.: The
degree of canopy inflation depends on the length of the reefing
line, which restricts the inflow of air, and on the porcsity of
the canopy. The degree of inflaticn of the reefed drogue was
determined from photographs taken durling an aerial drop test.
(See Section 4.1.4) Figures 13 and 14 show the horizontal
ritbon loading, and radial tape loading for the reefed drogue
chute with a uniform pressure distribution. To determine whether
this is the appropriate pressure distribution, the predicted
canopy shape 1is compared to the measured canopy shape in Section
4.1.4., The reefed canopy is analyzed for a riser load of 21,000
pounds which is the peak canopy loading occurring in the flight
test vsed for the shape comparison.

Some empirical data 1s available for pressure distributions in
ribbon canopies for the full open condition. The wind tunnel
pressure distribution data, Reference 20, is applicable for the
drogue chute since the dynamic pressure decay is only about

2 percent from time of disreef to maximum load. Test data for

a circular ribbon parachute with 18 percent geometrical porosity
are given in Reference 20. The drogue chute 1s a conlcal ribbon
parachute with a geometrical porosity of 22 percent. The drogue
chute has an overinflation line, which might affect the pressure
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distribution at the skirt, and it inflates from a 43 percent
reefed c¢ondlticn, whereas the wind tunnel model inflated from a
Zzerc percent reefed condition., No test data are avallable to in-
dicate the effects of these differences.

In Flgure 15, the data of Reference 20 is replotted to show the
differential pressure across the canopy at different times for
the four test velocitles. Two sigulficant observations can be
made from Figure 15; 1) the general shapes of the curves are
simllar at the three event times shown--maximum dlameter, maxi-
mum load, and steady state, and 2) no trend with varylng velo-
city is indicated. On the basis of these observations it 1is
concluded that the mean curve indicated in ¥Tigure 15 is a reason-
able approximation for use in the analyses which follow.

In order to determine the effect of variations in pressure distri-
bution on canopy shape and internal loadlng, a sensitivity study
was performed using the fcur pressure distributi as shown in
Figure 16 . Distribution A is the mean curve frum Figure 15 and
curves B, C, and D are arbltrary distributions., In distribution
B, the pressure 1s constant throuhout the canopy. In distribution
C, the maximum pressure is at the vent while in distribution D

the maximum is at the skirt. 1In distributions C and D the maxi-
mum pressure 1s twize the minimum value.

Figure 17 shows the varlations in the canopy profile for the
four pressure distributions. As expected, the peak pressure

at the skirt gives the largest canopy dlameter, while peak pres-
sure at the vent gives the largest profile height.

The variation of horizontal ribbon load with these pressure
distributions is given in Figure 18 , It 1s seen that distri-
bution D (peak pressure at the skirt) gives peak loading 11 percent
higher than that of distribution C (peak pressure at skirt). The
peak horlizontal tape load occurs higher in tbhe canopy.as the peak
pressure moves from skirt to vent.
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In Figure 19 the radial tape loads for the four pressure
distributions are shown. Distribution D produces the highest
loading at the skirt, while distribution C gives higher loads
in the crown.

It is concluded from these figures that the differential pressure
distribution across a parachute canopy has a first order effect
on internal loading. Further investigation of oressure distri-
butions in inflating canoples is, therefore, essentlial for ac-
curate internal load predictions.
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4,1.3 Drogue Canopy Growth

Results of a study of the variation in canopy shape and internal
loading with applied axial load are shown in Figure 20 . So-
lutions were obtained for the disreefcd drogue chute, structural
Model II, for axial loads of 5,000, 10,0Q0, 15,000 and 23,340
pounds, with all other parameters constant. 1In Figure 20
maximum dlameter, projected area, radial tape lcad, and hori-
zontal ribbon load are plotted versus applied axial load. The
variatl n of these quantities is practically linear with load.
The slight curvature observed can be attributed to the shapes
of the load straln curves of the parachute materials. Since
this effect is negligible for small changes in load, canopy
loads can be proportioned directly with axial load.
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4L.,1.4 Drogue Chute Fllm Analysis

Three types of photographlic coverages are available from the
Apollo Drop Test Programs: alr-to-air, ground-to-air, and
onboard. It 1s desirable to measure the profile view of the
canopy in order to obtain the most accurate shape comparison,
These measurements would have to come from the alr-to-air or
ground-to 1ir coverages. Due to the size, velocity, and de-
ployment altitude of the drogue chute, the air-to-air and ground-
to-alir coverages are inadequate to provide shape measurements.
It is, therefore necessary to use onboard cameras coverage.
The individual ribbons can be identifled in these photographs
so that canopy diameter as a function of station number (as
defined in Section 4.1.1) can be measured. To obtain actual
dimensions of the canopy from the photographic lmages, the
measurements are converted as follows:

Diameter Image Diameter x Lens Factor x Distance from Camera
where the lens factor is calculated by measuring the image of

a known length at a known distance. The distance from the
camera to the skirt is calculated from the free lengths of the
risers and suspension lines and their elongations. Distances
from the skirt to specific horizontal members are taken from
the analytically predicted geometry.

Figure 21 shows the comparison of the reefed drogue shapes

for constanf pressure over the inflated portion of the canopy.

From the onboard photographs, it was seen that the first eleven
horizontal tages above the skirt were not inflated. The pressure
distribution used to predlict the analytical shape was, therefore,
adjusted so that the first eleven horizontals had zero differential
pressure. Since the predicted canopy shape is close to the ob-
served shape, the computed internal canopy loading may be assumed
to be close to actual values. (See Figures 13 and 14 .)
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Figure 22 shows the comparison of the dlsreefed drogue shapes
for pressure distribution A in Figure 16 . The effect of the
overinflation line on the disreefed canopy is to control the
expansion of the skirt and not to restrict the inflation of the
canopy. All of the horizontal tapes, therefore, become inflated.
It is seen 1n Flgure 22 that good agreement exlsts 1In the upper
portion of the parachut. hut in the lower portion the predicted
diameter is too large. A significant difference in shape exists
at the skirt which would result in larger than actual loads in
the radials and overinflation line. This discrepancy is attri-
buted to the presence of the overinflation line which causes a
large development angle at the skirt (25°). This would tend to
reduce the differential pressure in the skirt area, so that the
test data used to obtain this distribution curve is not appli-

cable.

64 NVR-0432



i
i

S

B WY T

!

]

Gl

1T

.
i
v
i
i

.

A
A i

~i~
5

i

PR PR SN

{
i
1
i

13
]

N o

P

dl
e
_

s
. J,

!
1

—---

Sy , PR — '1irl$

4 . .
B
e

3
.
i
!

k5 SONTN WAL

.
'

at OQMMN vmoqr
paJoaJstIqL-
ny) mswopaf.

+
.-y
4

.
——
SADES S

b Lﬁ

:

vmwoavmpm
N RN

o*

001

0o*1

~
1
.

3

‘ur ‘xsqane

NVR-6432

65



4,1,5 Failure Analysis

Table

1 glves a comparisvor of predicted strengths and failure

modes with test results for the two tests in which ultimate load

was apgplied to fully opened drogue canoples,

This comparison,

although limited in scope by the number of test points avallable,

shows reasonable agreement between predicted and actual strengths

and fallure modes.

Table 1 Drogue Chute Fallure Analysis

Test Measured Test Damage Calculated Predicted
No. Fiser or Ultimate Fallure
Load Failure Mode Strength Mode
* *
844 27,250 1b No significant | 30,300 1lb Gore
Damage Split
¥* % * %
99-2 35,930 1b Gore split 34,960 1b Gore
from Vent to Split
Skirt

* R8155-507 had 9 rows of stitching to secure the hori-

zontals at the radials (Joint Efficiency = .75)

**  RB155-505 had 10 rows of stitching to secure the hori-

zontals at the radials (Joint Efficiency = .83)
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4,1.6 Analysis of the Drogue Chute Using CANO 1

As was pointed out in Section 4.,1.1, there 1s experimental evidence
that the vertical ribbons carry a significant portion of the meri-
dional load in the canopy. To Include the effect of the vertical
members the CANO 1 Program was developed, as discussed 1n Section
3.2. Solutlons have been obtained for the reefed and fully open
drogue parachutes to quantitatively evaluate the effect »f the
vertical members. The pressure distributions used are identical

to those used to analyze the parachute by the CANO Program as
discussed in Section 4.1.2 and 4.1.4. The riser loads have been
revised to the design ultimate loads of 23,530 pounds for the
reefed 2ondition and 24,560 pounds for the fully inflated condition.

Comparison of canopy profiles for the reefed and open parachutes
are shown in Figures 23 and 24 , respectively. The main effect
that the verticals have on the canopy shape 1s to 1ift the first
few inflated horizontal ribbons so that they are not perpendi-zular
to the radial tape as was assumed in the previous analysls. Radilial
tape profiles calculated for the reefed drogue canopy with and
without verticals are nearly ldentlical, as shown in Figure 23
The gore centerline profiles differ only in the area of the first
Tew inflated horizontal ribbons. Canopy profiles for the open
drogue canopy also compare closely except in the area of the
skirt. While the effect of the verticals on canopy shape does
not appear too large, their effect on internal loading is sub-
stantial. Figures 25 and 26 show the variation of hoop load
in the horizontal ribbons and meridional lcad in the radial tapes
for the drogue canopy with and without vertical ribbors. Flgure
25 shows tnat the hoop stresses rise sharply at the first in-
flated ribbon in the reefed conditlon and at the skirt in the open
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condition due to the "hiking " of the skirt by the vertical
ribbons. The contribution ~he vertical ribbons in carrving
meridional load 1s clearly . ..iicated 1n Flgure 26 by the re-
duction in radial tape loacding for t.-th the reefed and open con-
ditions. Figure 7 shows the v «¢lon over the canopy of

the vertical ribbton membrane load...,g and the horizontal ribbon
displacement angle for the reefed and open para~hute.

It should be pointed ocut that arhltrary assumptions were made
in this anal:sis, so that supporting test data 1s necessary
before 1t can be considered a design tool.
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4.2 PIIOT PARACHUTE
4.2.1 Pilot Parachute Structural Model

The pilot parachute has a twelve gore, ringslot canopy that is
constructed as shcwn In Flgure 28 . A typical gore consists
of five sails (42 1b/in cloth), three verticals (2-70 1b tapes),
vent band and skirt band. The leading and trailing edges of the
salls are reinforced ty 0.6 inch wide seams. The radials are
reinforced by a 250-lo tape ertending from the skirt to the
trailing edge of Sail 4. The drag area of the canopy is con-
trolled by an overinflation line which is attached to radial
tape loops below the skirt. All meridional load in the canopy
1s assumed to be taken by the radlial tapes and the effect of

the vertical members 1is neglected.

4. 2.2 Pilot Parachute Pressure Distribution

Pressure distribution data has been obtain>d from wind t:innel
tests of ringslot canoples by Melzi.g2O . The pressure distri-
‘bucion shown in Figure 29 was derived from this data. The
predicted shape and iunternal loads for this design ultimate
riser load of 4185 1b and this pressure distribution were com-
puted by means of program CANO. Figure 30 shows that the maxi-
mum load toc strength ratio for the calls occur3 in the middle

of Sail 3 at a value of 0.664. Also shown in tnis figure is the
variation in hoop load from skirt to vent. The hoop load is
largest at the leading and tralling edges of the sails. Due to
the 1 :creased strength in these areas (three plys of fabric in
the leading and trailing edge seams) the ratio of hoop load to
rated strength 1s lower than at the center of the sall panel.
Figure 31 shows the varlation of radial tape load from skirt
to vent. Maximum radial tape loading of 433 pounds occurs eight
inches above the skirt.
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4.,2.3 Pillot Parachute Film Analysis

In order to verify the analyslis used to predict the internal

loads in Figures 30 and 31 , a comparison of predicted and
measured canopy shapes 1s made. The alr-to-air and ground-to-

alr photographic coverage 1s lnadequete for canopy measurements.
Onboard coverage 1s used to compare canopy diameters as a function
of the distance from the skirt. Figure 32 shows a comparison
cf predicted and measured canopy diameters for the p'lot chute at
a load of 3,600 pounds. The phctograph used was taken just as

the maln parachute pack was lifted from the vehicle. Load traces
indlcate that the pllot chute had an axial load of 3,600 pounds

at this time. The close correlation of the predicted and measured
canopy shapes supports the internal load analysis of Section 3.1.
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4,3 MAIN PARACHUTE
4,3,1 Structural Models of the Main Parachute

The construction of the main parachute requires an elaborate
model to reasonably simulate the nonuniform geometry and stiff-
ness. Such features as sail fullness and reinforcing bands are
represented in t':e model by horizontal elements with appropriate
geometry and stiffness. Estimation of the width over which a
heavy relinforcing member acts 1s problematical, but the overall
solution is not overly sensitive to this modelinrg. Use of al-
lowable strains rather than cllowable load for stress analysis
of the adjacent area gives a second check on the margins of
safety. Slots are accounted for in the solution by traversing
the slot segment with no change in meridional member load or
slope. The canopy is reefed in two stages by reefing lines at-
tached to the skirt band at midgore points. Main parachute con-
struction is ~hown in Figures 33 and 34 and the corresponding
structural model 1is shown in Figure 35 .

Three different models corresponding to the three major steps

in the evolution of the final design are analyzed for the fully
inflated condition. They differ only 1in the number and strength
of reinforcing bands on the sails.

Version 513 has additional tapes added to the trailing edges of
sails, numbers 5 through 10, Version 519 has additional rip-stop
bands at the tralling edges of 3Sails 5, 9 and 10,

Solutions obtained for the three versions under identical loading
conditions give an insight into the effect of the reinlcrcing
bands on the internal load distribution, In Figure 36 , a
comparisonof the ratio of applied load to rated strength of the
sall3 for the three verslons 1s glven. It 1s seen that in ad-
di.ion to providing additional strength locally, the bands re-
duce the load 1n adjacent areas by reducing the overall diameter
of the'canopy. The critical areas which occur at the traliling
edges of the salls with leading edge fullness glve the highest
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peaks. The tralling edges of Sails 7, 8, 9 and 10 are the
crltically loaded horizontal members.

Sall 8 trailing edge has a load-to-strength ratio of 0.55 for
the 507 version. If this member had an efficiency of 55 per-
cent, a fallure would be predicted at an axial load of 32,800
pounds. The addition of reinforcing tapes to the parachute to
form the 513 version reduced the load to strength ratio at the
tralling edge of Sail 8 to 0.45. If this area remained critical
in the parachute, the axlal load capabillity of the 513 parachute
would be increased by ten percent over the 507 version. How-
ever, the tralling edge of Sail G is seen to be critical for the
£13 version with a load to strength ratio of 0.51.

The load to strength ratio for Sail 9 in the 519 version 1s re-
duced to 0.2% by the addition of two 1200-pound tapes to the
traliling edge. The failure analysis in Section 4.3.3 verifies
the failure predictions of Figure 36
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4.,3.2 Main Parachute Failure Analysis

Several versions of the R7661 main parachute were tested during
the evolution of the final design. For this analysis these
versions are anaiyzed in three groups. The versions 1in each
group are essentially the same structurally and the groups cor-
respond to the three ver.sions analyzed in Secticn 4.3.1 All of
these versions have 75 percent of Sril 5 removed.

The first generation (Group 1), consisting of versions 501 through
507, had five ultimate strength tests: Drop Tests 29-3A, 46-2,
b6-1A, 46-3 and 48-4. Group 2 consisting of versions 509 through
513, had three tests at or near design ultimate load: Drop Tests
46-4, 46-5 and T70-3.

Group 3, which includes the present spacecraft configuration,
consists of versions 515 through 519. This group has had three
ultimate load tests in the full open condition: Drop Tests
30-2, 30-3 and 82-4.

Group 1 canopies were an early version with a minimum of sail
edge reinforcements (See Figure 34 ). Using the analysis of
Section 4.3.1, together with appropriate joint efficiency and
design factors (net efficiency = 0.52), gives a predicted ulti-
mate strength 31,100 1b, with failure starting at Sail 8. Of
the flve tests, three are considered nonrepresentative because
of the following reasons: In Test 46-1A, the parachute was
overloaded to 33,900 1b in the reefed condition, which probably
damaged critical joints. In Tests 46-3 and 48-4, Sail 8 failed
by splitting along the gore centerline. Since the radial seam
Joint 1s normally weaker than the base material, this type of
failure indicates that the sall cloth was damaged in this area.
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Post test examination of the parachutes used in Tests 29-3A,
46-1A and 46-3 revealed creases and small splits along the gore
centerlines of several salls. This damage was attributed to
improper packing procedures. In the remaining two tests of
Group 1, canopy fallures occurred at lcads of 27,600 1b in
Test 29-3A and 35,050 in Test 46-2. These values vary about

13 percent from the predicted failure load of 31,100 1b.

The first two tests of Group 2 canoples show good agreement

with predicted strengtns. In Test 46-4 no major damage occurred
at a load of 32,350 1lb, and in Test 46-5 which reached a load

of 35,060 1lb, a gore split started at a Sail 7 radial seam.

The predicted ultimate load is 33,400 1b with failure at the
trailing edge of Sall 9. The fallure that occurred in Test

T70-3 at 22,390 1b cannot be explained by the stress analysis.
Both Group 1 and Group 2 canopies had been subjected to higher
loads than that which caused fallure in Test 70-3. However,
these higher loads were achieved by increasing test dynamic pres-
sure, whereas in Test 70-3 a heavier test vehicle was used to
achieve the high loading. The effect of the heavy test vehicle
is that peak loading occurs later In the opening process, there-
by increasing the loading in the lower salls. In the post test
evaluation of this test, it was concluded that the canopy was
structurally inadequate, and as a result, heavy reinforcing

rings were added to the tralling edges of Salls 5 and 9. The
separation of the pilot chute during Test 70-3 was not considered
to have been an important factor at that time. In two later tests,
80-3 and 80-3R, pilot chute separation preceded failure by gore
splitting at near 1limit load (reefed). Although the mechanics

of the relationship cannot be determined with the information
available, 1t 1s believed that these failures were related in
Test 70-3.
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Group 3 canopies have heavy ''rip stop" bands on Sails 5 and 9,
which increase the load required to start gore splitting, and
also prevent any splits which might result from deployment
damage from propogating to canopy collapse, The predicted

load for sail fallure is approximately 40,000 1b for Group 3
canopies, but the ultimate strength is limited to 33,700 1b

by the strength of the suspenslion lines, This prediction is
supported by the three ultimate strength tests of Group 3 para-
chutes. In Test 30-2 no major damage occurred at 32,840 1lbs.
In Test 82-4 the three suspension line breaks which occurred at
32,200 1b were attrlbuted to deployment damage in post test
evaluation. In Test 30-3 catastrophic fallures of suspension
lines and radial tapes occurred at 34,300 lbs.

A summary of the main parachute failure analysis is presented
in Table 2.
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4.3.3 Main Farachute Pressure Distributions and Film Analysis

Pressure distributlion data for reefed parachutes are not avail-
able. In the stress analysis of the Apollo Earth Landing System,
it was assumed that the pressure distribution at peak riser

load was uniform. This study shows that pressure distributions
can be approximated by comparing predicted and measured canopy
profiles.

A review of the Apollo Drop Test film coverage falled to produce
adequate profile views of the reefed main parachutes at the time
of peak loading. Two usable profiles were found, however for
the parachute In steady state descent.

A profile of the first stage reefed canopy was found 1n air-to
ailr coverage of Drop Test 46-1A. By using the widths of the
slot and a salil panel as reference lengths, dimensions of the
canopy were calculated from the photographlc image. In the
first stage the canopy was observed to inflate from the vent

to the Sail 5 slot only. Using the leading edge of Sail & as

a starting point, the analysis method given in Secfion 3.1 was
used to solve for the equilibrium canopy shape. A range of
pressure distributions as shown in Flgure 37 1s used to de-
termine the sensitivity of the canopy profile to variations

in pressure. The first stage pressure distributions have zero
pressure from skirt to the leading edge of Sall 4 (66 percent
of the distance from skirt to vent), linearly increasing pres-
sure to three locatlons above this point, and then constant
pressure to the vent. Figure 38 shows the observed first
stage profile compared tc predicted profiles for the three
first stage pressure distrlbutions in Figure 37 . The constant
pressure shape (distribution A) is seen to have a flatter pro-
file than that observed in photographs. Pressure distribution C
produces a profile that 1s in close agreement with the observed
steady state profille.
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A peak can be seen 1n the first stage profile at the vent. This
appears to be due to the pull of the attached pllot chute. No
provision has yet been made to the theoretical model to account
for this affect.

Since the canopy is not critical during steady state descent,
the internal load predictions are not included here., For the
internal load predictions of the main parachute during the open-
ing process, see the stress-time study in Section 4,3.4,

A profile of the second stage reefed main parachute was found
on ground-to-air coverage of Drop Test 82-1R. The canopy was
observed to inflate from the vent to the leading edge of Sail 8.
Using this starting polint, the analysis method given in Section
3.1 was used to solve for equilibrium canopy shape. The second
stage pressure distributions shown in Figure 37 are used to
show the sensitivity of the canopy profile to varliations in

the pressure distribution. The differential pressures are zero
below Sail 8 (33 percent of the distance from skirt to vent),
increasing llnearly to three locations above the first inflated
sail, and then remain constant to the vent, Figure 39 shows
the observed profile compared to nredicted profiles for the
three second stage pressure distributions in Figure 37. Pres-
sure distribution C produced best agreement with the measured
profile but further refinement of the pressure distributlion
would improve this comparison, Since the steady state descent
phase of the second stage 1s not critlical, the Internal load
predictions are not presented here. The internal loads at the
critical times in the opening process are discussed in Section
4,3.4,

Pressure distribution for the fully inflated main parachute 1s
approximated by interpolating the wind tunnel test data taken
from Reference 20 for a solid circular and a ringslot
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parachute. Figure 40 shows the resulting distribution with
peak pressure at the skirt. While the infinite mass condition
of wind tunnel testing 1s consliderably different from the drop
test conditions belng analyzed, this 1s the vest data avallable,
and the analysis wnich follows shows reasonable correlation.

It has been observed in drop test films that the parachute 1is

not inflated to its maximum diameter at the time of peak riser
load. (See stress-time analysis, Section 4.3.4). For this
reason the disreefed canopy 1s analyzed at both the time of maxi-
mum diameter and time of peak riser load.

Figure 41 shows that the pressure distribution described above
produces a good compariscn of predicted and measured canopy shapes
for the time of maximum diameter. The measured canopy shapes are
from the onboard coverage of Drop Tests 30-2 and 82-4. The method
of obtaining canopy dimensions from the photographic image 1is de-
scribed in Section 4.1.4., Measurements of the canopy at the time
of pezk riser load, however, indicate a smaller canopy. By ex-
tending the pressure distributions used 1n the analysis of reefed
canopies, the second distribution in Figure 4o was found to
produce a shape that agreed with drop test measurements as shown
2n Figure 42. The pressure distribution indicates low pressure
at the skirt, increasing linearly to a location above the skirt
equal *o 12 percent of the radial tape length, and then remaining
constant to the vent. Internal load predictlions for the canopy

at the times of maximum dilameter and peak riser load are presented
in Section 4,3.4,

Results of this study show that the differentlal pressure distri-
butions on reefed and open canoples can be approximated from
photographic records of canopy shape.
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4.,3.4 Stress-Time Study of the Apollo Maln Parachute

Previous analyses of the maln parachute considered only three
Instants of the inflation process. First stage reefed, second
stage reefed, and full open. It was assumed that maximum in-
ternal loading occurred at the instant of maximum riser loading
for each of the three stages and that all the sails in the

stage were inflated at this time. The present analysls 1lmproves
the margin of safety calculations by eliminating the above as-
sumptions.

In order to correlate analystlcal results with empirical evidence,
the canopy is analyzed at times corresponding to the instant

each sall becomes inflated. The term "inflated" is defined as

the time at which a sall ceases to flutter randomly. The
empirical data needed includes the riser load and pressure distri-
bution over the canopy as each sall inflates. Photographic
coverage provides the time at which each sail becomes inflated

and the load-time trace gives the riser loading at each of

these times. Slnce the parachutes were not instrumented to re-
cord pressure distribution, the canopy shapes are used to infer
the pressure distribution.

Drop Test 82-2 was found to be the most acceptable test to pro-
vide the needed empirical data. The test resulted in high canopy
loadings for all three stages of inflation and had good cor-
relation between film coverage and the load trace. A comparison
of test loads with design ultimate loads 1s glven below:

Stage Design Ultimate Max, Test Load
Stage 1 Reefed 29,700 1lbs 20,375 1bs
Stage 2 Reefed 32,000 1bs 32,710 lbs
Stage 3 Disreefed 30,900 1bs 28,135 1bs
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The test loads at the selected times are multiplied by the ratio
of the design ultimate to the maximum test load for that stage.
This calculatlion 1is valid because the internal loads vary linearly
over short ranges of loading as was shown in Section 4,1.3.

Table 3 gives the design loads used in this study.

By using assumed pressure distributions and the design loads
listed above, the internal loading at each state of inflation
was calculated by computer program CANO. The computer program
also calculated canopy shapes for each state of inflation. The
anal ytical shapes were compared to measured shapes from photo-
graphic coverage of Test 82-2. If the shapes did not agree for
a particular state, the pressure distribution was revised and a
new computation was made. This procedure was continued until
the analytical canopy shapes at each state of inflation matched
the measured shapes. Figure 43 shows the pressure distributions
that produced good agreement of canopy shapes.

The pressure distributlons indicate that as the inflation process
continues, the inflated portion of the canopy has low pressure
at its leading edge, increasing to a uniform pressure over the
upper portions 6f the canopy. The uninflated portion of the
canopy 1s assumed to have zero differential pressure. For ex-
ample, at the instant Sail 6 inflates, 49 percent of the catopy
is uninflated and the leading edge of Sail 6 has a differential
pressure of 0.1, increasing linearly to a point 62.5 percent of
the distance from the skirt to the vent. The pressure then re-
mains uniform to the vent. At the time of maximum canopy dia-
meter, the pressure is maximum at the skirt. Accurate profile
views of the Inflating canopy would improve the assumed pres-
sure distributions shown in Figure 43. The best photographic
coverage of Test 82-2 was provided by the ground-to-air cameras.
Profile views of the canopy were limited to the early states of
inflation.
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The shape of the canopy after first stage disreef was based on
measurements of maximum dlameter, skirt diameter and suspension
line angle. OSome error can bte exnected in the pressure distri-
butions cbtalned by matchling the analytical shape to only these
three measured quantitles. The actual canopy dimensions for
each state of 1inflatlon were calculated by usling the len th of
varlous canopy elements, such as slot width, sail width and
reefing line dlameter as reference lengths.

Figure 44 shows the riser load-time trace for the design loads
in Table 3. Figure 45 shows the critical sail loadings as a
function of time. The critical sail loading for the entire
inflation process occurs at Sail 1 just as Sail 4 inflates.
The riser load at this time 1s 29,700 pounds as compared to a
maximum riser load of 32,200 pounds occurring just as Sail 6
inflates. Figures 46, 47 and 48 show the loading on each

sall throughout the inflation process.

The dashed lines in Figures 45, 46, 47 and 4€ indicate assumed
sall loadings for the portions of the inflation process that
were not analyzed. These portions of the process are at times
of decreasing riser load when the canopy 1ls approaching a
steady state conditlon.

Results of thls study show that the assumption that the maximum
sall load-strength ratic for each stage occurs at the time of
maximum riser load for that stage is vallid. The assumptlon
that maximum riser load for a stage occurs when all sails of
that stage become inflated 1s vallid for the first reefed stage
and full open, but is not true for the second reefed stage.
Peak riser load for the second reefed stage occurs just as

Sail 6 becomes inflated, 1.08 seconds before complete inflation
of this stage.
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Table 3 , Load-Time History Used for the Stress-Time Study
Time From Inflation Test Lcad Load Design Load
Launch {sec) State (1bs) Ratio (1vs)

23.94 Sail 2 16,430 29,70C 24,026
Inflated 20,375
24,09 Sail 3 17,970 29,700 26,195
Inflated 20,375
24,30 Sail 4 20,375 29,700 29,700
Inflated 20,375 (Stage 1
Peak Load)
27.40 M.C.D.R. 1
27.90 Sail 6 32,710 32,200 32,200
Inflated 32,710 (Stage 2
Peak Load)
28.31 Sall 7 26,780 32,260 25,350
Inflated 32,710
28.98 Sail 8 13,330 32,200 19,060
Inflated 32,710
34,30 M.C.D.R. 2
34,74 Sail 9 18,140 30,900 19,920
Inflated 28,135
34,92 Sail 10 22,380 30,900 24,580
Inflated 28,135
35.11 Sail 11 26,840 30,900 29,476
Inflated 28,135
35.27 Peak Load 28,135 30,900 30,90C
28,135 (Stage 3
Peak Load)
35.36 Sail 12 26,782 30,900 29,414
Inflated ’ 28,135
35.63 Sall 12 15,370 30,900 16,900
Expanded* 28,135

* At time of maximum skirt diameter.

NOTE:
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Table 4 shows the maximum radial tape load-strength ratio for each
of the states of intlation, Peak radial load of 68.1 percent of
the rated strength occurs just as Sail No. 6 inflates, Thus, the
radial tape load-strength ratio is maximur at the time of maximum
riser load,

Table 4, Load-Time History of Main Parachute Radial Tape

-

Time from Number of ¥Yaximum Radlal [ Lecation of
Launzh Salls Inflated Tape Loading  Maximum Load
sec ? Ratednggength
23.94 i 2 0.50¢ . L.E., Sail 2
4,09 : 2 0.553 Middle, Sail 3
24 .30 L 0.631 Middle, Sail +
27.90 | 6 0.681 widdle, Sail 6
28.31 : T 0.564 - L.E., 3all 6
28,98 ! 8 0.416 [ ¥iddle, Sail 7
U7 9 0.4k i ¥iddle, Sail 8
34,92 10 0.525 ! middle, Sail 9
35.11 11 0.634 ! L.E., Sail 10
35.36 12 0.635 . L.E., Sail 11
35.63 12 0.367 T.E., Sail 12 .
i , (Max, Diameter) :
L . 1 - - .

Margin of safety calculations for the critical entry condition are
presented in Appendix B,
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4.3.5 Optimum Weight Calculation for the Main Parachute

Since welght is one of the most critical parameters in designing
spacecraft recovery systems, an insight to the theoretical
weight optimum of a parachute would be useful. A theoretically
optimum parachute would have continuous members (100 percent
Jjoint efficiency) and materials that would be just strong enough
at every point to withstand the design loads.

Although this optimum weight is a value that can never be achlieved
in practice, it serves as a yardstick for judging the efficlency
of a parachute design. Optimum weight could also serve as a

sound basis for predicting the welght of a new design. Optimum
weight factors for existing parachutes of given type and class
could be computed and averaged to obtain a typical value. The
product of this factor and the calculated optimum weight for a

new design of the same type and class would give a predicted
welight.

In this study, two optimum weight factors are calculated. The
first factor is the ratio of spacecraft main parachute weight

to optimum parachute weight including typical joint efficiencies.
The second factor is the ratio of present main parachute welght

to optimum parachute weight assuming 100 percent joint efficiencies.
This factor gives an absolute optimum weight by assuming all the
members to be continuous as well as being of minimum strength.
Redundant members (the two rip-stop bands and one of the first
stage reefing lines) are omitted from the calculation, as are
nonstructural items such as reefing line cutters and pockets.

The strength-to-weight ratio for a fabric material is found

by dividing its rated strength by its density in consistent
units. The strength-to-weight ratio has units of length and

can be visualized as the length that could just support its

own wéighb. The values used in this analysis are 1.11 x 1061n.
for tapes, 1.56 x 106 in. for cord, and 0,81 x 106 in. for cloth.
These values are average minimums for fabric materials in the
"Parachute Handbook", 12
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Using the results cof the parachute openlng stress-time study
(Section 4.3.4), an evaluation of optimum canopy welght was made
by reducing the rated streng- of each canopy member to gilv-

a zerc margin of safety. Ef .clency factors such as joint ef-
ficiency, abrasion, and unsymmetrical loading were includec to
give a2 realistic weight comparison with the present spacecraft
parachute (thermal factors were neglected to simplify the
analysis). After the rated strengths had been reduced, ad-
ditional compiter runs were made at each of the cwitical loading
eccnditions using averaged load-strain curves. The equilic~ium
shape and internal loading was found for the pressure distri-
butions shown in Figure 43 . Based on the results of these
computer runs, the rated strengths were again revised to give
zero margins cf safety for all elements and further computer
runs were made, This procedure was continued until the computed
internal loads resulted in zero margins of safety for all canopy
elements, Average strength-to-weight ratios for tape, c¢loth and
cord were then used to compute the optimum canopy welght of the
parachute. Ey using the same average strength-to-weight ratios,
the weight of the spacecraft parachute was also found. The ratio
of une spacecraft main parachute welght to the optimum parachute
weight with typgical joint efficiencles is 1.53. To obtain the
second of the optimum weight factors, the rated strength of each
:lement in the parachute was reduced to give a zero margin of
safety rfor 100 percent joint efficlency. The weight of the
parachute was then fcund by using the same average strength-to-
weight ratios as were used above. Table 5 contains the weight
of each parachute component for the spacecraft design, for the
optimum design with typical joint efficiencies and for the
optimum design with 100 percent jolint efficiencies. The ratio
of spaceczraft maln parachute weight to optimum parachute welight
with 100 .ercent joint efficlencles is 2.17.
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Table 5 . Comparison of Apollo Main Parachute Weilght
with Theoretically Optimum Weights.
Item Spacecraft Optimum Optimum
Design 1% Q%%
Suspension
Lines 42.10 1bs 41.19 1bs 20.89 1lbs
Sail 1 1.15 1.08 0.54
Sail 2 2.53 2.22 1.11
Sail 3 3.89 2.43 1.21
Sail 4 5.38 2.49 1.25
Sail 5 3.29 0.65 0.34
Sail 6 4.14 1.92 0.97
Sail 7 h.77 2.24 1.11
Sail 8 5.13 2.59 1.30
Sail 9 9.72 2.89 1.44
Sail 10 5.30 1.50 0.75
Sail 11 5.75 1.38 0.69
Sail 12 6.12 0.73 0.36
Skirt Band 6.51 3.00 2.73
Vent Band 0.67 0.56 0.51
Vent Lines 0.62 0.26 0.16
First Stage
Reefing Line 0.52 0.15 0.14
Second Stage
Reefing Line 0.89 0.49 0.33
Redial Tapes 22.00 17.66 14.30
Total 130.48 1bs 85.43 1bs 60.13 1bs
* Optimum 1 1includes typical Jjoint efficiences.
#%  Optimum 2 1ircludes 100% joint efficiencies.
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SECTION 5.0
PILOT CHUTE RISER DYNAMICS

A series of riser dynamics tests were performed as part of an
effort to determine the cause of two fallures that had occurred
in Apollo drop tests conducted in August of 1967 (Tests 80-3
and 80-3R). In both drop test cases, the pilot chute riser
falled at time of malin parachute canopy stretch., Eoth fallures
were, therefore, due to impact loadings rather than parachute
opening loads. The predicted loads, using analysis methods
employed at that time, were well below the strength of the riser
assembly. In addition, the failures occurred in free lengths,
rather than in the joints which are weaker than the parent
material. In order to study the mode of failure, the fabric
riser dynamics tests were conducted in the Northrop Ventura
laboratories. The resulting data are the subject of this
analysis.

Longitudinal impact loading was applied at a velocity of

300 ft/sec to samples of pilot chute riser material (nylon
webbing) and structure elements., Test data consisted of high
speed film sequences and strip chart force gage records. It 1s
the purpose of this study to explain these data and to prepare
recommendations for additional riser dynamics test and analysis.

The approach employed in the endeavor to understand the phenomena
occurring during the impact loading of the specimens is to first
perform a simplified analysis of the observed wave motion. The
method of characteristics 1s applied to an approximate mathematical
model obtained by the application of el:ven assumptions regarding
the system boundary conditions, material properties and general
behavior. The most significant of these approximations are the
assumptions that the nylon webbling used in the specimens behaves
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in a llinear-elastic manner and that the elastic modulus is
independent of loading rate, The application of this method of
analysis contributes significantly to the understanding of the
performance of the test specimens but is unsuitable for the
prediction of webbing stresses; i.e., the assumptions used are
excessively restrictive. This work is described in Section 5.4,

v

When the complexity of the problem is increased by the necessary
annulment of several of the assumptions listed in Section 5.4,

the use of a high speed computer becomes desirable. Section 5.5

is a description of a computerizcd application of the finite
difference method of solution to the system of partial differential
equations, boundary conditions and initial condlitlons appropriate
to more accurate representation of the real system.

The arrangement of test apparatus used in these tests is shown
in Section 5.1 and descriptions of the test speclmens and
relevant material properties are presented in Section 5.2. Force
gage data are presented in Section 5.3. Seven film sequences
have been studied quantitatively and plots of position versus
time have been constructed for each specimen gage mark. A pre-
sentation and interpretation of these results is given in
Section 5.6,

5.1 TEST EQUIPMENT AND PROCEDURE

The equipment used in the riser dynamic tests is shown in
Figure .49,

The speclmens were suspended under light tension between the
loop release mechanism and the resistance element type force
gage. The force gage was attached to an extremely rigid 'ead-
man beam. Gage marks were painted on the trunk of the spe imen
at two-foot intervals,
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The impact wheel was brought up to a rotational speed that gave

a rim speed equal to approximately 300 ft/sec. The impact loop
was then released and allowed to be engaged by the wheel rim

hcok., The resulting motion of the system was photographed
against a background grid using high speed motion picture cameras,
The force gage output was preserved by means of a strip chart
recorder,

The (nominally) ten-inch diameter impact loop was fabricated

from 6000-pound test tubular nylon cord using a "Chinese finger"
Joint with sufficient overlap to provide four active load carrying
cords. There was no quality control on the fabrication of this
part of the test structure,

The high speed films are of varlable qualilty. Only the tests
for which the high speed fllms are readable are considered in
this report. These tests and the respective impact velocities
are listed in Table 6 .

5.2 DESCRIPTION OF SPECIMENS AND MATERIAL PROPERTIES

The construction and materials of the nylon webbing specimens
are shown in Figures 50 and 51. All material of a given speci-
fication was obtained from the same lot., Notice that one of

the webbings in the trunk of specimen type D4 was deliberately
made approximately 3 percent longer than the other. The purpose
of this was to determine the effect of mismatching on riser
strength.

The unstrained lineal density and the static load-strain curve
for each type of webbing used in the test specimens are gilven
in Figures 52 and 53. The straight line approximation used in
the approximate llnear-elastic analysis are superimposed over
the nonlinear statlic curves.
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In order to use the nonlinear curves 1n a computer calculation,
it 1s necessary to either store the curve 1in digital form or in
the form of an approximating function. An approximating function
in the form of a least squares best fit fifth order polynomial
has been obtained for the MIL-W-5625 3/4 inch nylon webbing used
in all four types of test specimens, The expression, plotted

in Flgure 52 is

P o< (1.827041 x 107) € ~ (3.550943 x 10°) €2
+ (3.680853 x 10°) €3 - (1.164287 x 107) "
+ (8.459224 x 10°) €3

Because of similarity of load-stralin curves, thls expression is

used by scaling for the MIL-W-4088 webbing in Section 5.5.

References p3and25 show that for the case of constant average
strain rate, the load-strain curve of nylon yarn depends upon

the rate of loading. Therefore, a priori selection of tre

static curves for use as dynamic curves in the case of nylon

in the form of webbing is not Justified. However, in Section §.5

the statlc curves are used as an approximation.

It 1s conceivable that the correct dynamic equation of state for
nylon webting is a differential equation involving stress, strain,
straln ratéﬁsand perhaps even strain history2§ These tests were
not comorehensive enough to derive such an equation of state but
in Section 5.6 an estimate of the load-strain path actually
followed by the webblng 1n each test is given.
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5.3 FORCE GAGE DATA

Deadman force as a function of time is shown for each test in
Figures 54 - 60, The experimental data did not yleld a force
gage time reference with respect to other events of the test,
Therefore, the zero time polnts on the horizontal axes are at
arbitrary locatlions, The peak deadman force for each test is
given in Table 6 .

Inspection of the force gage curves shows a significant
difference between the general shapes for the cases of single
and double webbing trunks. For the single webbing case (Fig-
ure 59 ) the initial part of the curve 1lssloped, with small
oscillations, whereas for the double webbing case (all other
.:5%s) the initial part of the curve displays large oscillations.
In both cases the initial oscillatlions tend to decay, and a
steady positive slope occurs prior to failure.

Table 6 shows that, on the average, the mismatched specimens
suffered a 9 percent decrease in peak load relative to the
correctely fabricated specimens. The average peak load
attained by the simulated risers (D3 and D4) is 15 percent
greater than the peak load attained by the riser sample (D6).

5.4 THE LINEAR-ELASTIC APPROXIMATION

5.4.1 Assumptions

As a first step 1in developing an understanding of the performance
of the specimens in the riser dynamics tests, the linear-elastic
case for longitudinal waves is considered., Eleven assumptions
are involved in the construction of the mathematical model.

They are as follows:
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e)

£)

g)

h)

The load-strain curve of the specimen materials under
dynamic lcading is independent of rate of loading and
strailn history and 1s related to the static load-strain
curve in the secant fashion i1llustrated in Reference 27

and applied to the materials of the subject tests as
shown 1in Figures 5,2 and 53.

The end of the specimen moves at the same veloclity

as the rim of the impact wheel once “he hook 1is en-
gaged. The impact loop 1s assumed to possess zero

stiffness until it 1s extended into a stralght line
and is assumed to be perfectly rigid thereafter.

The impact wheel rim speed remains constant at its
initial value Vo. (In reality, the wheel rim speed
decreases due to the reaction of the speclmen.)

No materlial 1s wrapped on to the impact wheel. The
relaxation of thils assumption makes the problem non-
linear even though assumption a) 1s maintained.

Specimen displacements are small and lineal.

The wave propagation speed 1s very large relative

to the velocity of the mass particles. Therefore,
the velocity of the waves relative to the laboratory
can be taken to be the same as the velocity in a
reference system fixed in the specimen.

Variations in lineal density and stiffness occurring
over distances of four inches or less are modeled as
a single step. This assumptlion has the effect of
eliminating the details of the construction of the
specimens at the ends of the overlay reinforcements.

The stress, strain, displacement and velocity are
uniformly distributed over the cross section of
the specimen, even near discontinuities.
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k)

Selt.2

The specimen 1s perfectly flxed at the deadman end.

There 1s no interaction between transverse and
longitudinal waves.

The kinetic energy due to cross axis strain 1s
negligible,

Method Of Analysis

The behavior of a system to which the preceding assumptions

apply can be predicted by means of the application of four
basic results,

a)

The longitudinal wave propagation veloclty in
section J of the specimen is given by:

C - ki
J OJ

where kJ is the slope of the llnear load-strain
curve for the specimen material in section

J and pJ 1s the respective lineal density.
(Reference 24)

Immediately following the initiation of the step
veloclty impact at t = O, a straln wave propagates
away from the impact end with constant velocity

/kl
Cl=-p—

1

The strain in front of the wave is zero and the
strain behind the wave 1is given by

e = Yo
[0}
S

" (Reference 2h)
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NORVHROP

¢) When a strain wave impinges on a discoatlnuity in the
specimen, 1t 1is, in gereral, attenuctcd Or amplified
and a reflection wave 1s generated. The reflection
coefficient of the discontinulty between sectlon J and
section J + 1 1is glven by:

k ]
kb = -1
c
Ry = —— b (63)
J k c
b a ., 4
a ‘b

and the transmission coefficient 1is given by

—~
(@)
=~

N

g1

TJ (1 - RJ)

where a = j and b = J + 1 if the wave approaches
from section j and a = J +1 and b = J 1f the wave
approaches from section J + 1, For a fixed boundary
and the impacted end of the specimen, RJ =1,
(Reference 28)

d) The strain at any polnt in the specimen at time t is

equal to the algebraic sum of the amplitudes of all
strain waves that have passed that point in the time
interval 0, t _ (Superposition principle).

Using the above four results as rules of operatlon, the response
of a specimen to the velocity impact can be constructed graphlcally.
This has been done for the D5 test and the construction, which

is an application of the method of characteristics, is displayed
in Flgure 61,
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In thils wave dlagram, the horizontal axis 1s dimensionless
distance from the impact end, % « The vertical axis is dimen-
sionless time T = t/tp where t, 18 the time required for a wave
to propagate firom one end of the specimen to the other., The
slanting lines 1indicate the path of the wave fronts in space-
time and the numbers assoclated with each of those llnes are

the amplltude of the respective wave front expressed in terms
the dimensionless strain,

where € 1s the local strain.

The procedure used is to lay out the initlal wave front locus
(dimensionless slope = ¢q tp/L, dimensionless amplitude = 1)
extending from the origin to the first discontinuity at which
point the reflected and transmitted wave amplitudes are calcu-
lated using Equations 63 and 64 The transmitted wave moves up-
ward and to the right (in space-time) with slope corresponding

to the wave propagation velocity in the .second section (dimen-
sionless slope = s tp/L). The reflected wave moves upward

and to the left back into the reg.ion corresponding to the first
section, These two new waves wlll then enter into further re-
flections at discontinulities and boundaries. As the construction
proceeds, the number of waves multiplies at an increasingly rapid
rate, In order to make graphlcal calculatlons feasible, waves
with amplitude less than .03 are terminated and waves approaching
each other within 47 = 0,05 are superposed, The strain level

at any value o: /L and dimensionless time T 1s obtained Ly
summing the amplitudes of all waves intersecting a straight

line between the points (x/L,0) and (x/L, T),
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5.4.3 Description Of The Approximate Model

The graphlcal wave tracing technique 1s arplied to Test D5-1,
the specimen of which 1s described in Figure ©1 . The parameters
of each section of the specimen are listed in Table7 . If more
than one discontinuity appears in any 4-inch length of specime',
they are lumped together in.o one discontinuity in this table,

5.4.4 Results

The longest uniform section of the specimen, which 1is referred

to as the trunk of the specimen, consists ¢f webbings with a
combined rated strength egqual to or less than half of the rated
strength of any other section 1n the specimen, The strain distri-
bution in the trunk of specimen D5 near the experimentally ob-
served time of fallure is shown in Figure 62, A significant
observation is that at this instant in time, the maximum strain
in the trunk occurs at a statisn away from either end of the
trunk. This sample situation, therefore, implies the possibility
of fallure in such structures in free lengths of the structure

if the stress concentrations at discontinuities are sufficiently
mild.

In Figure 63, strain is shown as a function of time for both
ends of the trunk and for the end of the weblbing adjacent to

the deadman. The sweep of the straln wave along the specimen

is manifested in the sequence of the initial response at each
station. Also shown in Figure 63 are the dimensionless ultimate
strains for the material of the trunk of the specimen of Test
D5-1 and one other D5 type test, There are twc values because
the impact velocities were not the same in the two tests per-
formed on D5 specimens. It 1s interesting to note that the
ultimate strain level 1s penetrated almost simultaneously at
opposite ends of the trunk. The test films (Section 5.6) reveal
simultaneous fallures at the same polnts at approximately the
same time as Indicated by this approximate analysais.
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A general observation of importance is that at all of the three
stations shown, the webbling 1s subjected to several cycles of
loading and unloading before failure oczcurs,

At the fixed end (deadman) of the specimen, the strain levels

are generally lower than in the trunk because of the multiple
layers of webbing used for reinforcement. 1In the tests, the

load at the deadman was measured by a force gage and a comparison
with the approximate analytical result is appropriate . Figure
64 gilves the comparison for the case of Test D5-1. It is clear
from this illustration that among the 1list of assumptions in
Section 5.4,1 there 1is some combination that contributes to

the introduction of signiflicant errors.

An observation of interest is that the calculated oscillations
in the strain in the specimen at the deadman end are of approxi-
mately the same period as oscillations found in the force traces.
It can be seen from the wave plotting diagram that these oscil-
lations are, at least in part, due to repeated reflections be-
tween the opposite ends of the overlay reinforcement at the
deadman end of the specimen., It is also apparent that the
deadman force-time history has a first order dependence on the
nature of all discontinuities, even those at stations remote
from the deadman end.

If wave propagation effects are neglected, that 1s, the tenrsile

force in the specimen is assumed the same at all stations, then

the deadman force as a function of time would be represented by

the straight line in Flgure 64 . It can be seen that this repre-
sentation is not adequate and that wave propagation effects must
be included for accurate structural analyses of pilot parachute

risers,
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5.4.,5 Effect Of Finer Resolution Of Discontinuities

In order to determine the effect of includirg the details of
the construction of the outboard end of the deadman end
relinforcement in Specimen Type D5, another wave dlagram was
constructed. The parameters used in this fine lumping case
are listed in Table 8 . The results of this calculation are
compared with the early time results (t < 1.2) of the previous
calculation in Figure 55. Examination of this figure shows
that the effect of the filner resolution is to decompose each
step into a sequence ¢f smaller steps and to increase the
magnitude of the initial jump in strain. The magnitude of
these effects 1s much less than the magnitude ol discrepancies
in the previous results. Therefore, the lumping of discon-
tinuities is not considered a significant source of error.,

5.4.6 OQObserva.lons Regarding The Approximate Analysis

a) The discontinuities in the specimen affect the
strain history at all statlions in the specimen.

b) All stations in the specimen are subjected to
cycles of loading and unloading. Therefore,
hysteresis effects must be considered.

¢) The stress at some station away from the ends of
a uniform section of webbing may become greater
than the stress at either end.

d) Multiple failures are to be expected in destructive
tests,

e) Wave phenomena must be considered in the analysis
of the riser dynamics tests. The uniform force
assumption 1s not suitable.

f) This approximate model 1is not an adequate
representation of the real system,
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Table 8 . Parameters for Fine Resolution of
Discontinuities in Specimen Type D5
Section Left Right Lineal Stiffness Wave
Station |Station Density Velocity
(in.) (in.) (s1/ft) (1b) (ft/sec)
1 0.00 95.00 . 00115 24,800 4640
2 95.00 263.50 . 000574 12,400 4ek4o
3 263.50 264,50 . 00115 24,800 L4euo
4 264,50 205.50 . 00172 37,200 4640
5 265.50 276.00 . 00230 49,600 4640
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5.5 The Finite Difference Method

Section 5.4 contains a list of assumptlons which, when applied

to the riserdynamics test analysis, leads to unsatisfactory results.
If these assumptlions are revoked, the complexity of the resulting
analysis Increases to a level at which the use of high speed
digital computers becomes a necessity.

Digital computers may be applied to this protlem in three ways.

(a) Integration of the equations of motion of an
approximate system consisting of a string of mass
elements connected by suitable force generating
elements, which would be linear springs in the
linear-elastic case.

(b) Application of finite difference techniques to the
direct integration of the system of equations of
motion, continuity equations, equations of state
and boundary and initial conditions.

29-31
(c) Application of the method of characteristics,

Methods (a) and (b) are equivalent and possess the disadvantage
that spurlous oscillations are introduced into the wave profilles.
Reference 33 presents a modification of method b) in which the
concept of artiflcial viscosity 1s Introduced to suppress these
oscillations. The availability of a computer program (AFTON)
which implements this modification of method b) led to the
selectlon of this method as the analytical procedure of analysis
to be used in this study.

An area of progress 1n this effort has been in the study and
modification of the AFTON program. This program, which 1is

described in Reference 34, computes longitudlinal wave mction
in one-dimensional continua by solving the finite difference
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forms the appropriate hydrodynanic equations. Scveral
required program modifications have been made.

The program was updated so that it would run on the Northrop

IBM 360/65 computer, The loglc was corrected so that the program
would properly calculate the motions of the type observed In the
laboratory tests, Also, extensive modification was completed
that would allow simulation of tne elimination of riser material
as 1t nassed on to the impact wheel rim. Within the duration

of a typical laboratory test, a large protion of the riser
sample passed onto the rim. Therefore waves must be made to
reflect from the rim of the flywheel rather than from the loop
end of the riser, The program logic has been changed so that

it can accommodate this unusual situatilon,

A shortcoming of the finite difference method is that, in order
to avoid the fluctuations behind a wave front as observed in the
lineal spring-mass model, an "artificial viscosity" is introduced
into the computation. This artificial viscosity has the (un-
desirable) effect of spreading an infinitesimally thin wave
front (as occurs in the elastic case) into a computed wave front
of finlte thickness. In other words, after the continuum has
been discretized into zones, the artiflclal viscosity causes
wave fronts to be smeared over the length of several zones.

This 1s undeslrable because there were processes, sometimes im-
portant, which took place over lengths much shorter than program
zone lengths, Thus, the situation 1s as follows. 1In order to
reduce or eliminate the fluctuatlions after a wavz front has
passed, the artificial viscosity must be increased. But ir-
creasing the artificlal viscosity smears the wave front over

a greater number of zones, causing the loss of fidelity of
processes over short lengths, Thlis fidelity can be improved

by increasing the number of zones in a given length, thereby
reducing the actual length over which the wave front is smeared,
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But such an approach has the disadvantage that the computation
time increases almost proportionately with the square of the
number of zones. So an attempt has been made to assess the
trade-offs between residual fluctuatlons, wave front smearing
and computation time; and to choose values of 1) the number
of zones and 2) the Richtmyer-von Neumann33 artificial visco-
sity constant that give reasonable results In terms of problem
requlirements.

An adequate number of conbinations of zone length and artificial
viscosity were tried to allow thelr respective influences to be
estimated for the range studied. Stated otherwlse, glven
limits on load overshoot and wave front smearing, satisfactory
values of zone length and artificial viscosity can be chosen,
and computer time can be estimated. Unfortunately, the shortest
lengths (1 in.), which occur in the tapered joints, and which
are believed to be important, cannot be modeled in the AFTON
program because they are too short. Therefore, it wlll probably
have to suffice to inc.ude the effects of the next shortest
pieces, which are 1 ft in length.

Figure 66 1is included to illustrate a typical calculation done

by the AFTON program. The trace represents the force wave profile
at one instant 1n time. Thilis particular calculation 1s for the
combination of 398 elements in a 23-foot uniform elastic sample
and an artificial viscosity constant of 2.56. It shows both the
overshoot and wave smearing described above,

The AFTON program was used to calculate the force gage response
of Tests D3-2 and D5-1 for the case in which several of the
linear-elastic approximate case assumptions llisted in Section
5.1 are revoked. The changes wlth respect to the linear-elastic
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Fig. 66. Wave Profile Determined by the AFTON
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approximate case that were made are listed below using the
respective Sectlon 5,4,1 identification letters.,

a) The material is assumed to follow the non-
linear static load-strain curve 1n an elastic
manner

b) No change

¢) The impact wheel rim speed is allowed to decay
due to the reaction force of the spscimen

d) The bridle 1s wrapped on to the wheel rim
e) Large displacements are allowed

f) No restriction on magnitude of wave propagation
velocity relative to particle velocity

g) No change
h-k) No change

Figures 67 and 68 are comparisons of the calculated force
traces with the experimental curves. Since the zero time
reference of the force gage data 1is unknown, the curves are
Indexed with respect to the first significant peak. Due to
the presence of a short concave lownwards portion near the
origin of the load-strain curves, the computed force traces
display a "precursor wave' effect prior to the arrival of the
sharp edged wave associated with the concave upwards portion
of the load-straln curves, Some of the experlmental curves in
Section 5,3 possess this feature but it 1s not as pronounced
as In the calculated curve, perhaps due to viscoelastic
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effects. In the case of test D3-2, following the precursor,
the experimental and calculated curves have roughly the same
general shape but it is clear that among the assumptlons
remaining, there exists some combinatlicon that is not justiflied.

In the case of Test D5-1, the 1initial oscillations following
the precursor effect are more faithfully represented than in
the case of the llinear-elastic approximation (Fig. o4 ) and the
later portion of the force trace 1s represented approximately
as well if the time scale for the calculated curve is con-
tracted by a factor within the range corresponding to the
intertest variations in wave velocity reported in Section 5.6,
However, the results for Test D5-1 ccnfirm the need for an
improved mathematical model.
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5.0 ANALYSIS OF FILMS

Seven .Jilm sequences have been analyzed. Section 5.5.1 is
an in d-pth review of one film sequence and Section 5.6.2
is a comparlison of wave velocitles and webbing stralns as
measured from all seven film seguences.

Reference 35 shows that for some materials with nenlinear
load~strain diagrams the strain wave front will have a non-
zero thickness and will cr.ange in shape as it progresses along
the specimen, that 1is, each strain level may propagate with

a different velocity. If this type of motion existed in the
riser dynamics tests, 1t was not detected In the films due to
the level of resolution imposed by the film framing rate.
Therefore, the wave velocltlies obtained from reduction of the
film data are referred to in the following as "apparent wave
velocities" because they describe a gross effect rather than
the fine detai's of the motion.

5.6.1 Analysis Of Test No. D5-1

Longitudinal Waves, Particle Velocitles, Strain

Figure 69 is a2 plot in position-time space of the events
occurring prior to failure in Test No. D5-1. The horizontal
axls is distance from the deadman support and the vertical
axls 1s time from the arbilrary beginning of the film sequence.
The left boundary represents the point at which the bridle

of the specimen 1s feeding on to the rim of the wheel., The
right boundary represents the point at which the webbing 1s
attached to the force gage link.
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The solid lines show the paths of the gage marks. Gaps in-
dicate loss of data due to obscuration of gage marks by twisting
of the specimen or poor contrast with the background. Dis-
continuities 1n the slope of these lines indlicate th: passage
of a straln wave. The locus of the leading sweep of the strain
wave along the length of the specimen has been drawn in as the
line AB which is judged to be the straisht line which passes
most closely through all of the initial major discontinuities

in the zage mark curves. The slope of 1line AB Indicates an
aj’parant wave propagation sp-ed, (CL)AB’ of 3790 ft/sec.

The iatersecilon of thils stralzht line with the 12t poundary
Of the »lot glves an estimate £or the time at which the Jhzel
hook engagzed the 1-0p at the end of tne sp=2clmen. In this
case £y = 0.3 milliseconds. A similar straight line BC drawn
through the sezond major siope diseontiauitiss ia the locl of
the gage marks reveals a rell2cted wave traveliag feom tae
rigid support vack towards the wheel rim. The slope of this
line indicates a wave propagation speed, (CL)BC’ of -4630 ft/
sec relative to the laboratory.

Prior to the arrival of the wave 4B, the gage mark loci are
vertical, indicating that the webbing is stationary until

the wave arrives. The action of the passage of the wave AB
is to introduce a nearly constant velocity as indicated by
the nearly constant slope iIn the gage mark loci between lines
AB and BC. The veloclty of the webbing relative to the
laboratory lndicated by the best fit slopes between llnes AB
and BC are given 1in Table 9,

The velocities of gage marks 1, 2, 3, 4, 5 differ from the

wheel impact velocity of -275 ft/sec by less than 7 percent.

At gage number 7, the velocity 1s considerably different

from the impact velocity, probably due in part to the comparable
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Table 9. Gage Mark Velocity After Passage of
First Wave, Test D:-1

Gage Mark Number ¥§%7§;Z
1 -29i,
. -29L
3 -294,
L 291,
; 272
6 -
. -200
A-rerage =275
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magnlitudes of the time between thc passage of the two waves
and tne tim. between exposures in the test films which gives
an Insufficient sampling for the accurate determination of
velocity at gage nimber 7.

The average strains between gage marks between the passage of
waves AB and BC can be computed from the distance between gage
marks before and after the passage of wave AB and are tabulated
in Table 10, The strain in the specimen after the passage »>f
the second wave and the strain at the time of the first failure
are alsc shown in Table 10,

For the webbing material on which the gage marks are placed,

the ultimate static strain :s given as 0.23 (Figure 52). The
maximim strain discovered between the waves AB and BC is 57 per-
cent of this value, after the wave BC it is 32 percent and at
the time of failure it is 90 percent.

It 1s of interest to compare the velocity of the waves AB

and BC relative to a coordinate system fixed to the specimen
(the "Lagrangian velocity") with the velccity predicted by

the linear elastic analysis. Jsling the results of Fenstermaker
and Smith32, the Lagrangian velocity ¢ of a longltudinal wave
is given by

¢ = =z (e, )

where € 1s the strain in the material into which the wave is
traveling, cL 1s the wave velocity with respect tco the laboratory
and V 1s the velocity of the materlial into which the wave 1is
propagating. Using as V the average gage mark veloclity after

the first passage of the wave and as € the respective average

of the stralns between the gage marks, “yparent Lagrangian
velocities are:
_ 1 .-
b )AB = T—;-ﬁ'(3790 +0 ) =" " tt/sec
1
¢ = ———— \-4630 + 2 = - 0 ft/sec
e = T osee ( 75 ) = -399
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Table 10.

Webbing Strain, Test D5-1

Between Gage

Marks..

Strain

Between First

After Second

At Time of

Two Waves Wa-e First Failure
1l and 2 .0924 .109 .16C
2 and 2 1304 .189 .2C7
3 and 4 .0598 .128 .179
L and § .C796 .15C .186
5 and 6 - L0614 0+
159
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The theoretical wave velocity calculated from the "secant"
approximation used in the linear-elastic analysis glves a
Lagrangian veloclity egual to 4650 ft/sec for both waves. The
first wave AB propagates with a velocity that is 82 percent of
the lilnear-elastic case and the reflected wave BC propagates
with a velocity equal to 86 percent of the linear-elastic case.
However, it is shown in Section 5,6.2 that apparently equivalent
test conditions produced large variaticns in wava velocity.

Following the passage of wave BC, the velcclitlies of the gage
marks in general reduce to values quite small relative to the
impact velocity and at later times a trend toward the impact
velocity is visible. As seen in the diagram resulting from

the graphical wave plotting technique for the linear-elastic
case (Figure €1), the wave action becomes quite complicated
above the wave BC. Due to the limitations imposed on resolution
of the motion by the camera framing rates, this complex wave
motion cannot be traced above the line BC.

Transverse Waves

In addition to the longitudinal motlon discussed above, a
lateral motion of the specimen 1s introduced by the action of
the impact wheel hook on the specimen.

The x-dash line in Figure €9 1s the locus of the leading edge

of the resulting lateral wave that propagates along the speci-
men with an initial velocity that is considerably less than

the previously determined velocity of propagation of longitudinal
waves, Extrapolation of this locus back to the left boundary
gives to = 0.9 milliseconds, the same value obtalned by extra-
polation of wave line AB.

It can be seen in Figure 69 that the locus of the transverse
wave front from A to F (in the bridle portion of the specimen)
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is not a straight line, indicating that the transverse wave velo-
clty 1is not a ccnstant. The reason for the varlation in transverse
wave velocity can be determined by inspection of the graphical

wave tracling dlagram for the linear-elastic case, Figure £1, where
1t can be seen that there exlst reflected waves GH, HI, IK and KF
that generate variations in the bridle webbing force which in turn

produce variations in the velocity of propagation of the transverse
wave.

The Lagranglan transverse wave velocity (Reference 32) is given
by:

C = F -
T Heo 2 +¢) (65)

where F is the tensile force in the webbing, o, 1s the unstrained
lineal mass density and € 1s the strain in the materlal ahead o.
the leading edge of the transverse wave. The veloclity relative
to the laboratory is given by

Cop = (1 +€)cp+ V (<6)

where V 1s the longitudinal velocity of the material in which
the transverse wave 1s propagating.

An attempt is made here to explalin the curvature in the locus of
the transverse wave in the bridle by performing a computation
based on best avallable estimates of the governing parameters.

a) The locus of the end of the bridle is estimated
by drawing a line (GF) parallel to the lccus
of the leftmost gage mark and passing through
the intersection of the wave AB wi-h the locus
(GL) of the bridle end prior to the arrival
of the wave,
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b) The actual reflected waves Gi, HI, IK and KF
are approximated in Figure 69 by using the slope
of the initial wave AB in thelr construction.

¢) The longitudinal strain levels 1n the material
into which the transverse wave 1s propagating
are computed from the impact velocity, the ob-
served wave veloclty and the longitudinal strain
wave amplitudes shown in Figure 1 for the linear-
elastic case.

Vs 275

A T o = 3790 ° .0726
Cpp = 6667 €ap = L0484
GEJ = ,3333 GAD = 024z
Sig = MMM e = L0323

d) The velocity of the webbing at any point in the test

specimen 1s glven by

-
V(x)=VO +§L c(eR--e:L)]1 (67 )

where € and € are the strain levels on the left and
right side of the ith strain wave respectively and the
summation is over all strain waves between the left
(impact) end and the point in question. The webbing
velocities for each segment of the AF portion of the

transverse wave locus are therefor‘e,
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e)

£)

<!
4

AD VO = =275 ft/sece

Vo = Vot (e )yg (0.3333) (cp)

-275 + (-3790) (0.333)(0.0726) = -267 ft/sec.

VEJ = V= -275 ft/sec
VjF = vO + (e )AB (-.1111) (eAD)

-275 + (-3790) (-.1111) (.0726) = -245 ft/sec

The effective stiffness of the bridle is taken to be
fhat value of bridle stiffness which glves the observed

AB longitudinal wave veloclty in a linear-elastic

. [k 58"

Solving for k,

webbing

2
k = pc (69)

For the bridle, p = .00115 slugs/ft so that

k = (.00115) (3790)2 = 16,500 1b

With the additinn of the linear expresslion for force
F = ke (70)
all necessary information for the computation of cL , the
T
transverse wave velocity with respect to the laboratory,

is avallable. Substituting into Equations (g ) and
(66) there is obtcined
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(cy ) = 780 ft/sec
T
AD
(ct ) = 485 ft/sec
T
DE
(CL ) = 320 ft/sec
T EJ
= 4
(CLT)JF L6 ft/sec
g) Using these values of CL » the locus of the transverse
T

wave can be cunstructed in stepwlise fashion. The result
is shown in Figure 70 as the dash line ADEJF. The

actual locus 1ls shown as x's,

The close proximity of the two curves lmplies that for the type

of webbinm used In the bridle and for the stress levels exlstent
in these tasts, Equation (65 ) gives a good predlction of the
transverse wave veloclty and the neted curvature of the transverse

wave locus in the bridle 1s to be expected.

At Point F (Figure g ), there occurs an increas: in the
transverse wave propagation veloclity. It 1is apparent from the
diagram that three contributory events occur almost simultuaecusly
at Point F.

a) The transverse wave passes from the bridle into
the speecimen trunk. The wave, therefore, moves into
material with one-half of the lineal mass density of the
bridle.
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b) The positive strain wave 3C arrives.

¢) Tie positive cirain ..v. XF o rpivec.

As can be seen !'rom Equaticns < and 73, all three of these

events have the effect of increasing the transverse wave progagation
velocity. The multiplicity of wave fronts makes the application

of the methods of calculaticn of the preceding section impractical

in the trut.k of the specimen.

Furt.:er Qvservations

The two breiks are Indicated by circles in Figurc 69. The
first f2ilure occurs at the right end of the trurk section
before thz arrival of the transverse wave. The lccation of

the second treak with respect tc the first implies that the
second failure canaot be affected by the first without the
imposition of unrealistic wave propagation velocities. The
possibility of such multiple independent failures was indicated
by the results of the approximate linear-elastic analysis in
Section 5.4.

5.0.2 Variations In Longitudinal Wave Velocity and Strain

The films ¢f similar tests on six additicnal specimens with

the same trunk material as Test D5-1 were analyzed to determine
the apparent propagation veloclty of the first wave through the
trunk and the average strain in the trurk after the passage of
the first wave. The cpace-time diagrams obtained from the
reduction of the respective film da%ta are shown in Figures 71
to 76. The dashed lines In these diagrams are the best fit
straight .ines indicating “he apparent wave motion and the
motlion of the gage marks. The apparent wave velocity, the
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average strain after the wave, and the average particle velocity
after the wave are displayed in Table 11. The entries are
arranged 1In order of increasing average strain.

Tablel]l shows large vartations in apparent wave velocity and
strain that do not appear tc have any simple correlation with

the only supposed variations between the tests, the impact
velocity and the matching of the webbings in the trunk. wever,
there dces appear tc he a significant level of corrslation cetween
apparent wave velocity and strain; apparent wave velocity vends to
increase as the strain decreases.

This trend is to hte expected because according to References 36

anG °7 the parvicle velocity vy attained at scvation 1 in the

spacimen is given by the expression

(71)

where 31 is the longitudinal straln at station 1 and where c(e)
is the wave propagation velocity at the strain level e.

The velocity ¢ is gilven by

o -3 3 o)

Po
wrere F is the tensile force in the specimen and G is the lineal
mass density in the unstrained condition. It can be seen from
Equation 73 that for approximately equal values of particle
velocity vi, large increases in wave propagation velocity must be
" accompanied by an apprcpriate decrease in the strain level attained
behind the wave.
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Takle 11 . Comparison of Wave Velocitles,
Particle Veloclties and Stralns

T T -
Test No. Impact | Wave Particle Strain Particle

Velocit Veloclty Velocity - Veloclity,
(ft/secg (ft/sec) (ft/sec) | Eqn. 71 , |
i : ?tatic )‘

, ;  (ft/sec
= e
D3-3 -300 2 4700 -310 .069 ! -250 '
Di-6 285 | 5550 | -317 070 | -252 |
D3-1 -284 : 3040 -234 .080 | -293 i

! i

D6-1 C-277 | 3850 -272 . 090 -340 |
| B .
>B-1 | -215 i 3790 | -2gh . .09l | -3 |
, : | '
D4-5 | =277 | 3230 -313 o .093 i -355 j
D3-2 - 284 ' 2850 | -268 123 -850 f
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References 22 and 25 show that the dynamic load-strain curves,
for some typical nylon yarns for the case of monotonically
increasing strain at constant strain rate, approach a linear
type of relationship as the rate of loading increases., Also,
the slopes of the dvnamic load-strain curves tend tc increase
wilth rate of loading. If the dynamic load-straln curves fol-
lowed by the materials in these tests during the passage of the
first wave are linear, then equation (71) becomes

Vj_ = C‘ei (73)
or A4
¢ =& (74)

i.e., the product of the wave velocity and the final straln
must be equal to the particle velocity in all tests.

Figure 77 is a plot of the left side of Equation 74 as a
function of the quotlent on the right side; one point is obtalned
for each test. If in fact the ispecimen trunk material did per-
form in a Jlinear fashion during passage of the first wave then
all of the points should fall on a line of unit slope passing
through the origin., The scatter that is obtained.is of the
order of magnitude of the inherent errors in the determination
of velocities by graphical differentliation of the data. How-
ever, there does appear to be a trend above the unlt slope which
could possibly be caused by a consistent small nonlinearity in
the performance of the material.

It is now demonstrated that the performance of the trunk
material is not governed by the static load-strain curve. This
is done by using Equation 71 to compute the particle velocity
using the static load-strain curve vo compute c(€) and the
value of €1 attalned behind the first wave. Since the static
load-straln curve is concave upwards, shock wave effects must
be taken iato account as shown in References 35 and 37,
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NORTHROP

Reference 37 glves an excellent set of examples of such calcu-
la“ions. The resulting values of particle velocity are given
in the last column of Table 11and there appears to be no cor=-
relation with the actual particle velocity as recorded in the
fourth column of the same table. The implication is that the
static load=-strailn curve 1s not in 1itself a valid predictor
of the dynamlc performance of nylon webbing.

As yet unresolved 1s the question of the source of the mutually
consistent variations in wave velocity and strain., At the time
of the writing of this report, it 1s belicved that, even though
the 1mpact veloclities were approximately equal, the rate at
which fhe =2nd of the specimen was accelerated to this velocity
was different in each tast due to variations in the construction
of the impact loop, the 1initial shape of the loop and the manner
in which 1t was engaged by the hook. If the dynamlic load-strain
curve of the speclmen trunk material is a sufficiently strong
function of the rate of loading, variations in apparent wave
veloclty and strain such as found 1n these tests are possible,
Attempts to correlate wave velocity and strain with test en-
vironmental conditions and the amplitude of the transverse wave
were fruitless.

5,6.3 Estimation Of The Dynamic Load-Strain Relatlonship

The velocities of the longitudinal and transverse waves and

the longitudinal straln can be used to calculate the force

in a2 specimen trunk in two regions of the space-time dlagrams,
When Jdivided by the number of webbings in the trunk and plotted
against the longitudinal strain iIn the respective region, the
result is three points (one is the origin) on the dynamic load-
straln curve followed by the material of each trunk in each
test. Several assumptions are lnvolved in the calculations,
These assumptlons are presented at the appropriate place in

the following description of the procedure.
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If 1t is assumed that the longitndinal wave shape remains con-
stant as the first wave progresses across the specimen trunk,
then, uslng the principle that the net force acting or the
material particles contalning the wave 1s equal to the rate
of change of mumentum introduced by the waves gives the fol-
lowing expresslon for the force ln the specimen behind the
first wave at statlion 1,

Fy =-Po c1Vy (75)

Table 12 shows the quantities u:sed in the calculation of force
by this method and the result. The second and sixth ¢olumns

glve a single point on each load-strain curve.

Equations 65and 66can be solved for the force in the webbing

to obtaln

Po 2

F = 1 + ¢ '\CLT - V/ (76)

This equatlon 1s used to compute the force in the webbing at

the reglons In space-time where the transverse wave locus inter-
sect@ relatively smooth gage mark loci. The ingredlents in the
calculations and the results are displayed in Table 13.

The last two columns give an additional single point on each
load-strain curve.

The resulting partial dynamic load-straln curves are shown in
Figure 78 Two slgnificant observatlions are that the dynamic
load-strain curves in some cases lle below the static load-
strain curve (shown as a dashed line) and that the material
dces not always follow the same curve in these tests, It is
felt that the inherent scatter in the data causes the apparent
variations in the sign of the curvature of the load-straln
curves and does not permit the detalled inspection required to
riake conclusions regarding the degree o llnearity of the
dynamic load-strain curves,

178 NVR-6432



NORTHROP

Table 12 Determination of loints on the Dynamlc Load-="train Cuarves
Usirg the Pirst Longitudinal Wave Across the Speclimen Trunks

T
Test Wo. ! Average | Lineal |Wave Veloclity | average | Force/
Strain Density (ft/sec) rarticle | Webbling
(s1/ft) Viloelty (1)
(ft/sec)
o
p3-1 .080 L0011y 3040 -234 L0Q
D3-2 . 12% .0011% 2550 -2k 393
D3-3 . 069 00115 4700 -310C 238
D4-5 . 093 .00115 3250 -%13 L8
D44 .070 . 00115 5550 =517 1010
D5-1 , 091 . 000574 =790 -2ul 64O
p6-1 . 090 00115 “E5C -272 A02

Table 13 Determination of Polints on the Dynamic Load-ltrain
Curves Using Transverse \/ave Velocity

Test No.| Gage Wave Particle Strain Force/
Marks VelocityiVelocity Webbing
Used With (rt/sec) (1b)
Respect
to Labo-
ratory
(ft/sec)
D3-1 *
D3-2 1,2 1486 -109 0.197 1220
D3-3 2,3 162¢ -106 .186 1452
DL-5 2,3 1690 -107 0.145 1621
D4-6 2,2 2170 -117 0,100 2592
D5-1 2,3 1880 - 99 7.184 1885
D5-1 3,4 1670 -155 0.218 1572

*¥ Transverse wave locus does not intersect gage mark loci
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It should be emphasized that the load-strain curves displayed
in Figure 78 are not for the usual case of monotonically in-
creasing straln at constant strain rate. 1In fact, between the
states Indicated by the two points on each curve, the space-time
diagrams indicate that for a significant interval the straln
remains essentlally constant.

5.7 SUMMARY OF PILOT CHUTE RISER DYNAMICS STUDY

It is shown that many aspects of the pllot chute riser test dat-
can be explained with a2 linear-elastic approximate analysis.

It 1s clear from this part of the study that wave phenomena
inust be consldered in the structural analysis of parachute
risers. That 1s, the mathenatical model of the riser must tzake
into account that the riser 1s a continuum, rather than a small
number of lumped springs and masses. It iIs also shown that
maltiple failures and fallures in free lengths are distinct
possibilities in destructive tests and that the equation of
state used in a riser dynamic analysis must take hysteresis
effects into account. Comparison with experimental data shows
that the linear-elastic approximation iIs not adequate for riser
structural analysis,

A mathematical model whichh Includes the inertia effects of the
impact wheel, motion of the webbing around the impact wheel and
the nonlinear static load-straln curve as the equatlion of state
produces improved results. Thls mathematical model 1is analyzed
using an existing finite-difference method computer program
(AFTON) which is extensively modified to be compatible with the
boundary conditions of the tests and to accept the nonlinear
static load-strain curve of nylon webbing as an equation of
state. Further refinement of the mathematical model is found
to be necessary.
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A space-time diagram of one riser test 1s analyzed 1n detail
with respect to tne motion of the longltudinal and transverse
Wwaves and several other dlagrams are analyzed in less depth.

It 1s shown that the dynamic load-strain curves followed by

the nylon webbling are approximately linear but small variations
from linearity produce effects which cannot be neglected. The
longitudinal wave speed appears to be sensitive to some as yet
undiscovered varlant in the tests, perhaps the nature of the
impacti loop.
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SECTION 6.0

MEASUREMENT OF PRESSURES, LOADS, AND STRESSES

The types of measurements that are required to support the
further development of the iInternal load prediction methods
being developed for Apollo type parachutes are discussed in

this section. These measurements are needed to provide input
data for the internal loads analysis and to confirm the accuracy

of the analysis.

During the current Apollo analysis study, the CANO stress
analysis program has been refined into a powerful analytical
tool. Section 6.1 discusses the CANO program input data
requirements and shows how the experimental measurements to be
made under the proposed test program will both provide these
data and serve as a check on the vallidity of the mathod.

6.1 STRUCTURAL ANALYSIS DATA REQUIREMENTS

The analysis for determining the internal load distribution in

a parachute under known external loading 1s given in Section 3.

Input data to CANO consilists of parachute congtruction geometry,
material load-straln curves, canopy differential pressure
distribution, and applied riser load. Output includes loading

and strains in radial tapes, horizontal members (sails or ribbons),
suspension lines, vent lines, vent band, skirt band and reefing
lines. In addition, a comple!g geometric definition of the
parachute shape is obtalned.

The CANO computer program is limited to symmetrical shapes, and it
is assumed that the applied riser load is reacted by differential
pressure acting normal to the local canopy surface.

183 NVR 6432



For a given parachute construction there is a unique relationship
between the internal stresses, the aoolied loading, and the
geometry of the deformed canopy elements. This relationship is
represented in the diagram of rigure 79%. Program CANO is arranged
to proceed 1n the direction shown by the arrows in the dlagram.
The external loading, consisting of the riser load and a nondimen-
sional pressure distribution curve, and the parachute construction
detalls comprise the input data. The internal loading, consisting
of a load for each element of the structural model, is the primary
output. Definitlon of the canopy equlilibrium shape and strains

is a by-product of these computations.

The information in one tlock of Figure 79a is sufficient for deter-
mination of the other two. However, the accuracy of measurement
that would be required to infer internal and external loading

from the canopy geometry is beyond the practical limits of
phctographic analyslis.

In the test program described in this report, it is planned that
all of the parameters shown in the three hlocks cf Figure 79a
will be measured, The redundancy thereby obtained will provide
a check on the validity of the assumptions made 1ln derivation
of the analysis.

The external loading to be measured consists of the riser load
and the differential pressure acting across the canopy surface
The riser force can be measursd accurately by load links, tut
measurements of the differential pressure presents many difficul-
ties. The practical limit for the number of presgsure transducers
is a test is about ten. In a ringsail parachute the pressure
varies locally between the leading and trailing edge of each

sail in addition to the general variation from s«kirt to vent.

The redundant measurements of stress, strain, and shape will be
valuable in deriving, from the limited pressure measurements, a
pressure distribution curve which will give an accurate stress
distribution for use in structural analysis,
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If the external load block of Figure79a is considered as two
separate data groups, pressure distributlon and riser load, the
diagram shown in Figure79b is obtained.

In Figure79b any two blocks provide sufficlient information for
computation of the other two. The riser load measurement 1is the
simplest and most reliable of the four. 1Ir 1t is assumed that
this value is always measured accurately, the reguirements for
the other three measurements are less stiringent FOor the pres-
sure differential and stress, only the shapes of the distribution
cures are required. For the shape data, only the relative shape
of' the radial tape profile is necessary. This is helpful because
absolute values for lensth measurements from photographs are

the most difficult to obtain.

Since the magnitude as well as the distributlon of the differential
pressure will be measured, additional redundancy exists. The

CANO program requires only the shape of the pressure distribution
curve, the magnitude being automatically adjusted to balance the
riser load. Comparison of the pressures computed in this manner
with the measured values will give a check on the analysis, in
particular the assumption that skin friction and drag of fluttering
sails 1s negligible.

The simultaneous measurement of loads and strains will provide
information on the dynamic and repeated loading behavior of

the parachute materials. Although the CANO program is not limited
to static load-strain curves, use of dynamic data is not consldered
worthwhile at present in view of the uncertainties in other input
data,
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6.2 SUMMARY OF PRIOR WORK ON CANOPY PRESSURE MEASUREMENT
The first measurements of pressuie distribution in a parachute
canopy were made by Jone32 in 1923 for the Advisory Committee
for Aeronautics of Great Britain. A 4-foot dlameter wind
tunnel at the National Physical Laboratory was used for the
measurements, with sting-mounted models constructed of wood,
copper sheet, and silk stretched over a metal ribbed framework.

Models were approximately 8 in. 1n diameter and simulated a
canopy shape developed by Taylor for the Advisory Committee

for Aeronautics. Steady state pressures were measured by insert-
ing two lengths of hypodermic tubing in each model surface, one
flush with the interior surface and the other with the exterior
surface. One end of the tube was plugged and holes were drilled
at each pcint where pressure was to be measured. The measurements
were recorded on a manometer, by uncovering one hole at a time,

at velocities from 30 to 50 ft/sec and angles of attack from O

to 10 deg.

Modern efforts at measuring pressure distribution In a steady
gtate canopy have been carried out by Heinric% and by Babish
and Huntex39 Heinrich's work also is descrlibed in the Alr Force
Parachute Handbook1? Stalinless steel, 2.5-inch diameter models

of flat circular ribbon and gulde surface canopies were s.ing
mounted and wind tunnel +ested at Mach numbers between 0.6 and
1.25 over a Reynolds number range from 7 x 105 to 9.7 x 105.
Measurements of internal and external pressure distribution were
made, and shadowgraph pictures were taken in an effort to aid
visualization of the flow fleld through ribbon canopies. External
pressure coefficients in the subsonic flow regime (below Mach
number 0.8) were found to be relatively insensitibe to Mach
number. Internal pressure was found to vary little from free
stream stagnation pressure at all points in the canopy.
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The work carried out by Z2abish and Hunter was a cleverly conceived
effort to arrive at three-dimensional canopy nressure distribution
by pressure and flow fleld measurements on two-dimensionsal rigid
models, These models represented the psofile shapes of the
inflated drag-producing surfaces of various types of parachutes

as determined from photographic records of descending canopies.
The various parachute types represented included flat circular,
flat circular ribbon, ringslot and ringsail, and others. The
models were tested in the Alr Force Institute of Technolosy Smoke
Tunnel arnd were congsiructed so as to completely span the test
section. Test section velocity was 29 ft/sec, which provided

ideal smoke streamline flow. By measuring the steam tube thick-
ness and utilizing a theoretically developed relationship between
streamtube thickness and pressure, the »nressure coefficlients

could be obtained in regions of the flow where the streamlines
were well defined. To obtain measurements in regions where the
streamlines were not well defined, i.e., the stagnatlon and

wake regions, an instrumented semiclrcular concave cylinder was
tested. By combining the above two types of measurements, the
pressure distribution over the entire surface of the tuvo-dimensional
models could be obtained. These pressure distribution data,
reduced to appropriate force coefficients, were compared witn
previously established force coefflicient data for three-dimensional
models. By use of thls method and appropriate assumptions, it was
posslible to adjust the two-dimensional data to yleld the pressure
distribution about an actual canopy. Difriculties were encountered,
however, iIn that the streamlines close to the body entered the
boundary layer flow, causing errors of 4 20 percent in streamtube
thickness, &2nd resulting in a corresponding lack of confidence in
the pressure distribution. The primary value of this study 1is
considered to be the excellent smoke streamline photograpnhs and
the insight which they afford into the steady state flow atout the
canopy.
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The reports reviewed above have been concerned with the pressure
distribution and flow field about a fully inflated, steady state
canopy. Although these studles are important because of the
Ingight they give into the operafion of a steadily descending
parachute, the object of primary interest in the current study
is the pressure distribution in an inflating canopy, since it 1is
this phase of the process which imposes msximum stresses on the
canopy.

He:'nrich15

obtalned measurements of canopy pressure distribution
on a series of fixed models representing the shape of the canopy
at various stages of inflation. The results of this study were
used in a subsequent paper by Heinrich and Jamisonuo on predicting
canopy stresses during inflation. The %“ests were conducted on
seven synthesized shapes at a low subsonic speed, and the pres-
gsure distributions associated with each shape were presented in
the report. Although these fests may indicate the proper trends
for demonstration of stress analysis techniques, it 1s doubtful

that they satisfy 'he need for pressure measurements under dynamic
conditions.

The only lnvestigations made to date whereln pressure distributlon
was measured in an inflating canopy are those of Melzigao’ 21, h1,h2
of the Deutsache Forschungsanstalt f;r Luft and Raumfahrt (DFLR),
Braunschwelg, Germany. Of the four published works by Melzig,
three involve actual drop tests and one concerns a wind tunnel
test program under infinite mass conditlons, The latter will be

discussed first.

The wind tunnel investigation was made in a 9 x 12 foot low speed
open-Jjet wind tunnel at veloclities between 70 and 16C ft/sec. The
test models were of the following designs:

(1) Solid cloth, eircular flat - 28 gores, D, = 53.5 in.
(2) sSolid cloth, 10% flat extended - 30 gores, D, = 62 in.
(3) Ringslot, geometric porosity 16% - 24 gores, D, = 53.5 in.
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The models were mounted in the tunnel in a stretched-out position
with leather clamps tor retention., After the tunnel was brought
up to speed, the models were suddenly released. Pressure distri-
bution (internal, external and differential) was measured in the
canopy by pressure transducers attached at four specific locations,
The pressure transducers were developed at DFLR, and were 1,2 in,
in diameter, 0.35 in., thick, and welghed 0.2 0z each., The sensors
had a capaclty of + 0.5 psl, and were compensated for temperature
and for acceleration to 200 g's. The fllling process was photo-
graphed from one side of the tunnel at a camera speed of 100 frames
per second and individual frames were synchronized with the
pressure recordings. Four identical tests of each canopy type

were made at each selected test veloclty. It was found that the
reproducibility of the four measurements was reasonably good.

A canopy shape analysls was made based on the photographs obtained,
Various phases of filling were .deflned by assigning an "ideal
photographiz shape" made up of appropriate bodies of revolution

as a function of time were presented in graphical form for all
four canopy types.

The remaining references on Melzlg's work concern canopy pressure
distributions and inflation profiles obtained during free flight
drop tests., Reference 41 reports the measurements made during a
series of nine drop tests of a T-10 parachute at speeds from 80

to 140 knots with a 200 1lb weight attached. Differential pressure
transducers identical to the type described above for the wind
tunnel program were mounted at four locatlions in the canopy between
the skirt and the vent, The pressure showed considerably more
oscillation and lack of a characterlstics pattern than had been

the case in the wind tunnel testing presented 1n Reference 11,
Reference 42 describes results of 18 drop tests on 28-foot dia-
meter circular flat and hemispherical parachutes at an initial

drop velocity of 118 knots, Four differential pressure transducers
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were again placed in the test canoples and their output recorded
on an oscillograph in the drop dummy. Ground photographs of

the inflating canoples were made at a speed of 100 frames per
second by a 35 mm camera, and also by a camera mounted aboard
the dummy. The pressure traces again showed severe oscillations
in the initial (flutter) phase of the opening process. A

second phase was entered in which the negative pressure peaks
disappeared and the oscillation frequency decreased. Following
this was a third phase in which a positive steady pressure
appeared at all points in the canopy. Melzlg correlated the
pressure trace behavior with the canopy opening history and

load traces,

The most recent work by Melzig21 involved drop tests of four

parachute types: circular flat (C-9), 10 percent extended

skirt (T-10), ringslot (two designs) and circular flat ribbon
(two designs). The first ringslot had a nominal diameter of

32 feet, 32 gores, 10 cloth strips, and 15 percent geometric
porosity. The second had the same dimensions but 11l instead

of 10 cloth strips. The circular flat ribbon parachutes had

a nominal diameter of 32 feet, 34 gores, and a geometric porosity
of 15 percent., One had 83 and the other 76 concentric ribbons.
Both onboard and ground cameras were used to photograph the
opening process at 100 frames per second. Four DFLR differential
pressure transducers were equally spaced in the canopy from skirt
to vent. Riser force, vehicle dynamic pressure, and the four
differential pressures were telemetered to ground recelving
equipment, The vehicles were dropped from an altitude of

1000 feet at a velocity of 110 knots.
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In general, the pressure histories show the same overzll trends
for all four types of parachutes. There are rapid fluctuations
between positive and negative peaks during the flutter phase,
The fluttering ends relatively soon at the vent, at which point
canopy filling begins, travcling progressively toward the skirt
as positive pressure 1s gradually established over the whole
canopy.

In conclusion, Melzig states that because of the dynamics of the
inflation process only qualitative information on canopy stresses
can be obtained from the detailed pressure distribution measure-
ments, and that ideallzation cf the shape durlng the flutter
phase can yicld false results. Additionally he states that te-
fore the pressure measurements durlng the flutter period can be
usefully applieda, stress analysls technlques must be developed
which account for cloth dynamics.

Desplite Melzig's emphasls on clcth dynamlces during the flutter
phase, experience with Apcllc parachutes has shown that canopy
stress analysis methods which consider only filled sails have
accurately predicted test fallures. Therefore, special efforts
to measure canopy pressure, strain, load and shape during the
flutter phase are not warranted.

6.3 PRESSURE MEASUREMENT

Several types of pressure transducers have been proposed by
various manufacturers for parachute application., Some manu-
fe:coturers have also proposed complete pressure measurement
systems including telemetry and recording instruments. However,
the tests Ly Melzlg, described in Sectiong,2 , are the only

ones in which inflight pressure measurements were made¢. The
Melzig type transducer 1s the only one which can be considered
flight qualified. The following paragraphs describe the various
pressure transducers and measurement systems which have been
proposed.
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Schjeldahl System

Schjeldahl Company, Northfieaid, Minnesota#3, has proposed a dif-
ferential pressure monitoring system (Figure80a} which does not
require wires in the parachute's risers. The basic sensor 1s

similar in operation to that developed by Melzig at DFLR
except it offers improved environmental performance. However,

packaged within the same unit are the sensor, electronics for

& miniature FM transmitter, four small mercury batteries and
signal conditioning electronics. Each unit is 2-1/2 in. in
diameter, 1 in. in thickness, welghs approximately 1.75 oz and
requires no external wires for operation. The miniature trans-
mitter sends the sensor data to either a receiver-recorder or a
repeater (which transmits the information to the ground) located
in the payload. Lanyard switches are proposed for agtivgting

the units upon drop of the test vehicle. The system is limited

to a total of seven transducers by telemetry charnel avallability.

RAF West Sysiem - A system using a different type of sensing
element has been proposed by RAF West, Westminster, California.
Their system (Figure 80b) uses a varlable, stretched diaphragm
capacitance transducer and solid state signal conditioning elec-
tronics to provide a DC output pressure transducer system. The
sensors are 1.12 in. in diameter, 1 in. in thickness, weigh 1 oz

and exhibit accuracies comparable with other sensing devices.

The master signal conditioner, located at the skirt of the para-
chute, 1s 1.2 x 1.25 x 2.00 inches and weighs 4 oz. The con-
ditioner output is fed intc small voltage controlled oscillators

and a mixer amplifler. This unit, also located at the askirt, has

an approximate volum= of 4.5 in3 and weighs 4 oz. The wire carrying
the mixed FM signal is run down a suspension line and connected to
the tape recorder and/or transmitter. Three power supply lines

are the only additional wirea needed on the suspension lines.

Ly
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Fig, 80. Schjeldahl and RAF West Pressure Measurement Systems
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Manning Instruments Transducer - Manning Instruments Division
has proposed a transducer of novel construction for measuring
differential pressure in a high acceleration envirorment. This
transducer is shown schematically in Figure 81. It consists of
twin diaphragms with the external surfaces exposed to the higher
pressure level. The inner surfaces are exposed tc the lower
pressure level. Two silicon strain gages are bonded to the
external surfaces of each diaphragm. The gages on each surface
are placed (Figure 81)so that gages A and C are strained in
compression and gages B and D in tenslon when the trarsducer

is loaded normally. The transducer is self-compensated for
acceleration in that acceleration causes both diaphragms to
deflect in the same direction, thereby balancing the bridge by
straining sages A and B In the same direction and gages C and
D in the sare direction. This transducer is avallable in dif-
ferential pressure ranges between 5 and 100 psi and welghse
2bout 0.3 oz.

Sensotec Transducer - The Sensotec absolute pressure transducer
is a miniaturized capsule (.25 in. diameter x .05 in. thick),
one side of which 18 the active diaphragm. The diaphragm has

a pressure sensitive area of .023 1n2 and utilizes semiconductor
strain gages bonded to the inner surface. The differential
pressure model has the same dlameter, but is about 0.2 in. thick.
The smallest differential pressure range currently available

is 0-2 psi. Although no acceleration compensation 1is built into
the transducer, Sensotec claims errors due to acceleration at
200 g would be less than 1 percent. A temperature compensation
network can be built into the mounting pad.
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Solid State Strain Gages
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Twin\l)\iaphragme (. 003 Titanium)

(a) Semsor Schematic

(b) Wiring Diagram

Fig, 81 . Manning Instruments Pressure Transducer
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6.4 STRAIN TRANSDUCERS

train Transducer Based on Inductive Circuit - During the present
study, & concept was formulated for a canopy strain measurement
device based on the inductive effect between two coils located
near each other (Figure 82). The two coils are orthogonal, and
an output null point can be realized. The coils can be mounted
on the cénopy cleth so that they move relative to each other as
the cloth stretches. The output signal is dependent on the
physical displacement of the coils, which i3 in turn a measure
of thé strain in the fabric between the actachment points of the
two coils.

The electrical characteristic upon which this transducer is
based is commonly used in resolvers and similar electronic
equipment. However, a laboratory test program is required to
develop a device of acceptable accuracy, size and weight.

NASA Langley has performed strain measurements by bonding
so-called post yield strain gages to the parachute tape members.
Strain gage manufacturers claim that these gages which are made

of fully annealed “onstantan, can be used to measure 10-15 per-
cent. Tests at NASA Langley have indicated good repeatability

in measuring 10 percent strains during short duration dynamic

load pulses. The Langley tests have shown 1 to 2 percent residual
in the fabric and not due to a gage shift.
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Non-electrical Strain Sensor
A non-electrical maximum strain indicator for high elongation
materials has been developed by R. L. Ranes at Northrop Venturalf5

Figure 83 shows the principle of operation of this device.

Laboratory tests conducted with these strain indicators attached
to nylon parachute fabric indicate the accuracy of the instru-
ment to be within one-percent cf the gage length. This accuracy
1s satisfactory for the measurement of loads or strains in para-
chute fabrics. A number of these gages have been used 1lr Parawing
flight tests, but results have not been published. Laboratory
tests under dynamic loading conditions have not been made.

6.5 LOAD TRANSDUCERS

Consideration was also given to a strain gage type transducer
capable of measuring the load in the radials of ringsall type
parachutes. This device is sketched in Figure 84. The transducer
is intended to avoid stress concentrations in the material to
which it is attached. This is accomplished by attaching identical
devices to both sides of the ribbon or radial, and by incorporating
stiff rubber mounts for holding the metal plates to which the
strain gages are attached. The rubber stiffness is selected to

be somewhat greater than that of the ribbon or radial to which

it is bonded. This allows the entire load to be transferred to the
strain plates without causing stress concentrations in the ribbon
material.

A development program would be required to produce a transducer
of this type that would be sultable for measuring parachute loads.

Considerable work has been carried out at NASA Langley on
development of a miniature load transducer that is applicable to
tape members of parachute canopies. This device can be sewn to
the tape member at whatever location is desired, It consists of
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Elastic tape backing attached

Z//——— to canopy fabric
~ |
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Zi-String is straight (laced through tape) #J

L

o
7

L‘L ‘C- String remains straight -J
L

Loaded condition

W.Tw..m- B Y L S ol

ZL- String becomes gathered
L-2A s

Load relieved condition

Fig . 83 ., Nonelectrical Maximum Straln Sensor
(Reference
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8 rectangular stalnless steel plate instrumented with four suall
strain gages of standard design and having end tapes for
attachmer.t to the radial. Lo&ds up to 180-1b have been measured
at Langley in wind tunnel and flight tests.

6.6 PHOTOGRAPHIC INSTRUMENTATTION

Inflight Testing - Accurate profile and plan view shapes of
inflating parachutes are among the mcst valuable data to be
obtained; however, these data also seem to he among the most
difficult to obtain. Cameras mounted on the test vehicle
obtain reasonably good plan view pictures of parachute canoples.
These cameras can be calibrated by photographing a grid of

known dimensions. The distance from the camera to the canopy
can be fairly accurately estimated, so that determining true
dimensions from such photographs is possible to perhaps 5 per-
cent accuracy.

Good profile views seem to occur mainly uy chance during flight
drops, primarily because it is difficult for photo chase alrcraft
to maneuver so as to maintaln the proper camera position. Ground
photographs usually show oblique angle views, making it necessary
to estimate the camera viewing angle and correct the measured
proflle height. Also, in the case of the drogue chute, the
resolution seldom is high enough to yleld a profile shape sultable
for stress analysis purposes,

It is belelved that the best way to overcome these problems in
the proposed test series 1s to test at the lowest possible
altitude. Ground cameras such as the El Centro "Big Eye" have
focal lengths such that good resolution can be obtained from
long distance, 80 that the drop can be made far from the camera.
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By making the drops at low altitude, the obliqueness of the view
i3 reduced to a minimum. After a first order correction, the
resulting profile shapes should be of sufficlent accuracy to be
used for comparing wlth shapes theoretically predicted by the CANO

stress analysis program.

In summary, it is believed that presently available photographiec
recording means (on board cameras and long focal length ground
cameras) are adequate provided the test drops are performed

at low altitudes (less than 2500 ft).

Wind Tunnel Testing - Wind tunnel tests provide the best
opportunities for obtaining good plan and profile views of the

inflating parachute. The plan views can be photographed
accurately using cameras mounted on the support pylon. Profile
views, are the most difficult to obtain. One problem is that

the rays of light from the image to be photographed are not
parallel. If the distance from the parachute to the camera were
infinite, or if an optics system capable of producing parallel
rays were available (such as the Schlieren system commonly used in
wind tunnels), true projections could be obtained. In the

absence of such equipment, it 1s necessary to make corrections

for the parallax error using the known dlstance from the camera

to the parachute.
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6.7 PROGRAM PLAN FOR MEASURING PARACHUTE PRESSURE DISTRIBUTION,
LOAD, STRAIN AND SHAPE

This section describes a program for measurement of the parachute
canopy parameters required for use 1in the internal loads analysis
methods described in Section 3.0. It encompasses a three-part
plan designed to follow a logical sequence of (1) laboratory
development and testing of suitable instrumentation, (2) wind
tunnel testing to obtain the required measurements and confirm
the adequacy of the instrumentation, and (3) limited flight

tests to obtain further measurements and to correlate wind
tunnel results. The program 1s intended as a major step in
obtaining a complete understanding of canopy stresses. The
experimental program strongly interacts with and depends on

the theoretical methods for predicting canopy loads and stresses,
and one of its most important results would be to confirm the

accuracy of the theoretical methods.

6.7.1 Laboratory Development Phase

A laboratory development phase 1s considered to be a vital step
in any program almed at making significant improvements in the
gstate-of-the-art of parachute testing. Several pressure trans-
ducers are currently avallable for making canopy pressure measure-
ments, and a cholce as to which is the most sultable can only be
made after the proper tests have been carried out. A number of
new concepts for measurement of straln and load in canopy struc-
tura% members need to be evaluated and improved upon. It is

not recommended that laboratory evaluatlion of complete pressure
measurement systems be carried out at this vime, since it is
consldered that thls effort would be premature prior to careful
evaluation of the various available transducers.
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Specifically, 1t 1s recommended that the followinz iltems be
Included in the laboratory ohase to develop and test pressure,

stralin and load measurement devices.

(1)

(2)

(&)

In the

Deslgn and test a strain transducer based c¢cn
the inductive principle (Figure 82),

Design and develop a radial tape load transducer
based on the principle shown in Figure &4,

Perform environmental (acceleration, vibration
and thermal) tests and calibration checks on
currently avallable pressure transducers. (This
work 1s intended to complement calibration and
environmental tests presently belng performed
by NASA).

Perform static and dynamic calibrations of the
nonelectrical maximum strain indicator 1llustrated
in Flgure 8%,

performance of items (1) and (2), the following general

approach will be followed:

Perform circuit analysis.

Prepare breadboard prototype(s) - using laboratory
type reccrding equipment.

Perform laboratory tests.

Make necessary designh modifications.

Retest.

Select tentative design,

Perform acceleration and temperature sensitivivy tests,

Select final design.
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NORTHAROP

1)} Select und obtain flight components,

J) Perform room temperature checkout of flight
type system.

k) Perform acceleratlion and temperature sensitivity
tests of flight type system.

1) TFabricate a suffilcient number of units for wind
tunnel testing.

6.7.2 Wind Tunnel Phase

Prellminary Considerations A wind tunnel program will be

worthwhiie both for preving out the laboratory developed measure-
ment systems as well as for obtaining useful measurements of
canopy parameters durlng the opening process.

(Consideration was given to the El Centro Whirl Tower as an
alternative to the wind tunnel for making the canopy measurements
discussed above. The primrary advantages of the Whirl Tower are
(1) the facility of observation which it affords for tests
which can be conducted under finite mass conditions and (2)
the relatively low cost and simplicity of testing. However,
the Whirl Tower is not appropriate for testing large parachutes
having reefed stages because the time avallawnle for opening is
not sufficient to allow disreefing. It would be necessary to
cpen the parachute directly to the stage being tested. This
procedure 1ls unattractive in that it does not reprecsent the
true opening process, and no further conslderation was given
to the use of the Whirl Tower in the program.)

Modelling Considerations Because of the practical limitations
assoclated with scaling the parachute opening process, it 1is
important in wind tunnel testing to use the largest possible
scale model, For the Apollo main parachute, the largest wind
tunnels avallable should te utilized. The Ames 40 x 80-foot
Tunnel and the Langley 30 x 60-foot Tunnel both can accommodate
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large parachute models. The Ames Tunnel is capable of operating
at dynamic pressures up to 100 psf, while the Langley Tunnel is
limited to about 60 psf. Because of 1ts larger slze and dynamic
pressure range, the Ames 40 x 80-foot Tunnel is the most suitable
for Apollo parachute testing.

Prior experience has shown that to avoid undesirable tunnel
blcckage effects, the drag area of the parachute model should
be limited to 15 percent of the test section area. For a test
section area of 3200 ft2 and a Cp, of about 0.8, the maximum
allowable Dy is about 28 ft. This means that one-third scale
models of the main parachute and full scale drogue chutes can
be tested. Tests of a one-third scale mdodel and a reefed full
scale model of an early ralin,parachute design were successfully
carried out in th- Ames Tunnel in 1963.

Parachute models canopies should be scaled geometrically to
duplicate porosity. This means that the effective thickness,
and width dimensions of the materials should be scaled.

This presents a problem in the case of the Apollo main parachute
since the 1.1 ounce cloth is about the lightest nylon parachute
material for which porosity can be controlled. In order to
maintain the proper stiffness distribution, therefore, all of the
materials should retain fuli scale effective thickness. For
example, the radial tapes should be of the same weave with scaled
width, and the strength of the suspension lines should be reduced
by the first power of the scale factor rather than the square.

This will give a structure that is too stiff oy the scale factor
and will make it more difficult to measure strains accurately.

In the wind tunnel tests, strains can be made comparable to full
scéle by testing at higher dynamic pressures. The tests of
Reference 46 demonstrated a reasonable similarity in reefed canopy
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shape between a full scale and a one-third scale model constructed
of the same material, as discussed above. It may be assumed

that the differential pressure distribution of the two models
were similar since the shapes were similar. (Figure 85)

Program Outline The objectives of the wind tunnel test program
are summarized as follows:

1) To obtain measurements of riser force, pressure,
strain and load distribution in a full scale
Apollo drogue chute and a one-third scale main
parachute model, and to record photographically
the shape and filling characteristics.

2) To provide pressure distribution data for use
in the CANO stress analysis program, and to
provide strain, load and shape data for com-
parison with the program's predictions.

3) To verify the suitability of the selected pressure
strain and load instrumentation for flight test use.

The program test schedule is presented in Table 14,

In the case of the drogue chute, the maximum available tunnel
dynamic pressure of 100 psf 1s only half of the maximum flight
dynamic pressure of 204 psf for high altitude abort. Although
it would be desirable to simulate the maximum dynamic pressure,
it should be possible to determine the manner in which dynamic
pressure influences the measured quantities by testing in the
range from 20 to 100 psf. Moreover, if the CANO stress analysis
program predicts results adequately over the avallable range
of dynamic pressure, a high degree of confidence is justified
in its adequacy at design dynamic pressures since the velocity
is not so high that significant compressibility effects are
encountered,
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Tableld. Wind Tunnel Test Schedule

i ' ! I R B

Run Dyn Opening
_No. Parachute Press.(psf) Stage Remarks

. e cm t i cmem—— —

"
.

1 Drogue 2C 1
2 2 Within range of Me zig
2 49 ; 1 pressure transduce.
2
5 100 ' 1 Outside Melzig transduzer
6 2 range - need increased

|

{ . range or cther type of
: ' transducer
!

]

Repeat of Runs 1-6
! |

7-12 Drogue

13 28-rt D 90 1 i
14 .Main ' 75 2 ;
15 ol 3

16 XY 1

17 50 2

18 16 3 i
19 45 1 ¢
20 ! 25 2 |
21 8 3 :

@g-ggigg}q Repeat of Runs 13-21
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The approach taken for the 28 foot main parachute models is

to test at three dynamic pressures. (The test schedule is
based on the assumption that pressure transducers suitable

for testing at 90 psf dynamic pressure will be available.)

The highest dynamic pressures listed for the second reefed and
full open stages are approximately three times the maximum
flight values for a high altitude abort.

Testing Techniques and Procedures All models will be deployed

from deployment bags with the suspension lines stretched out
horizontally from the pylon mount to the deployment bag position.
Figure 86 shows the proposed arrangement of the model in the
Ames 40 x 80 foot tunnel prior to deployment. The deployment
bag is suspended from the ceiling and stabilized in the tunnel
by a pliot chute.

The ceiling support lanyard, which is brought >utside the tunnel
through a celling access port, also supports the cutter line

for the deployment bag tie. Figure 87 (taken from Reference U46)
1s a sketch of the deployment bag and lanyard arrangement.

Prior to tunnel start, the pllot chute 1s 1laid on the tunnel
floor. As soon as air begins to flow through the tunnel, the
pilot chute inflates and assumes its intended position behind the
deployment bag. The bag tie cutter is operated manually to
initiate deployment. The deployment bag and pilot chute are
extracted from the tunnel through the ceilling access port. Reef-
ing lines on the model parachutes are cut by remotely initiated
pyrotechnic reefing line cutters,
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Instrumentatlion Instrumentation for all tunnel tests to support
the structural analysis methods will consist of the following:

1) Pressure Transducers - Ten transducers will be
spaced along a radlal tape and a mid-gore line.

2) Straln Transducers - Ten transducers will be
located in positions corresponding to those of the
pressure transducers, but on radials and gores
adjacent to those used for the transducers, so
that no sail 1s required to support more than one
transducer,

3) load Transducers - Ten t:ansducers will be located
on radial and vertlical tapes.

4) Riser Force Load Link - An instrumented load
1ink of standard design will be used to obtain
riser force.

5) Reefing and Vent Line Load Links - Instrumented
load links will be used to obtaln reefing and

vent line loads.

6) Photography - The suggested location of motlon
picture cameras is shown in Figure 86. A 16 mm
camera operating at 128 frames/sec will be used
to obtain axlal photographs and a second camera
operating at 128 frames/sec to obtain profile
photographs of the inflating parachute models,

A variable speed 70 mm tripod mounted camera will
be used to obtain high quality profile photographs.
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6; (Continued)

The cameras will be equipped with automatic timers

to provide film timing marks, and will be synchronized
with the oscillograph recordings by a flash.ng light
common to all cameras and wired through the osclllograph.
Camera calibration will be accomplished by photo-
graphing a grid placed at the tunnel centerline

having overall dimensions equal to the parachute
profile maximum dimensions. Error in measuring
parachute profile diameter from the photographs

will be less than 5 percent after correcting for
parallax,

Output of the strain and load transducers and the riser, vent
and reefing line load links will be recorded on oscillographs
or Sanborn recorders.

Data Reduction - Scaled 1llustrations at selected times during
the opening process will be prepared for each parachute tested.
All pressure, straln and load data (including riser force and
vent line force) will be smoothed and plotted as functions of
time, From these plots, canopy pressure, strain and load pro-
files will be prepared at times corresponding to those selected
for photographic analysis. Pressure profiles will be input into
the CANO program and the program pr dictions willl be compared
with the measured strain, shape and load data.
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6.7.3 Flight Test Phase

Freliminary Considerations Because of the cost and complexity

of flight testing, the tests wlll be limited to low altitude
‘2500 ft) single parachute drops of one-third scale main para-
chute models and a small number of full scale main parachute*
drcps for verificatlon purposes at high altitude {10,750 ft}.
This is considered reasonable in view of the fact that the test
instrumentation and technigues involved are new and that
interp-etation of the data may be difficult, even for the
simplest test conditions. Good profile shape data are considered
to be of high value in correlating predictions of the CANO stress
analysls program. Therefore, tesuing at low altitude to

allow acquistion of hi:sh quality photographs is considered a

worthwhile compromlse.

The test objectives are summarized as follows:
1 To obtain inflight measure:ients of
riser force, pressure, straln and load
distribution for one-third scale and
full scale Apollo malin parachutes, and
to record photographically their shape
and filling characteristics.

2) To provide pressure distribution data
for use in the CANO stress analysis program,
and to provide strain, load and shape data
for confirmation of program results.

* FPull scale main parachutes suitable for testing are presently
avallartle at Northrop Ventura.
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3)

To obtain data for substantlating the scaling
laws developed in Reference 1, Section 2

Instrumentation The instrumentation will consist of:

1)

5)

Pressure, strain and radial tape load transducers
(whatever types appear most sultable after lab-
oratory and wind tunnel tests), located in positions
within the canopy identical to those of the wind
tunnel models.

Riser force, reefing and vent llne load links.

Ground-based motion plcture cameras of focal length
such that good resolution is obtained.

Onboard cameras to record the parachute axial view
during inflation.

Airborne motlon picture camera coverage for the full
scale drops.

All transducer outputs will be recorded by an oscillograph
carried aboard the drop rest vehicle, and dynamic pressure will
be measured by an onboard pitot tube. All instrumentation wiring
will be routed along radials and down suspension lines to the
test vehlicle. The data presentation format will follow that

used in the wind tunnel tests.

Test Conditions The scaling laws derived in Reference 1 for

velocities and masses are, respectively:

1
v /vy = (ry/r,)? (duplicates Froude number )

Ml/Mo = (pl/po)(rl/ro)3 (duplicates added mass ratio)

where the subscript 1 denotes the model and
subscript o the full scale parachute

217 NVR 6432



These expressions can be used to compute test conditions which
make a model parachute simulate a full scale parachute, Table
15presents the requlred velocltles and vehlcle masses for the
one-third scale parachutes for testing at 2500 ft altitude,
simulating a maln parachute opening at 10,750 ft after a high
altitude abort.
Table 15, Test Conditions_for Simulation of a
Full Scale Parachute by Use of a One-
Third Scale Model

Pairachute Scale Altitude Velocit§> Vehicle Mass

(£t) (ft/sec (1b)
Apollo Main Full 10,750 330 6500
Model 1/3 2,500 190 313

Modeling the structural stiffness for.dynamic simultude presents
a serious problem. This 1s readily apparent 1f 1t is recalled
that the strain 1s proportional to load per unit area (assuming
linear strain curves for simplicity), while the load 1s propor-
tional to the radius cubed.

e N €74 N

€0 (F/r2)o o P

Thus the strains in the structural members of a zseometrically
scaled model (length, width, and thickness) would be only one =
third that of a full scale model tested at the same alr dansity.
The model discussed in <ection 6.7.2 for wind tunnel testing (full
scale thickness) would experience strains of one-ninth those

of the full scale model, and the actual change in length (in
inches) for a given member would be only 1/2/ the full scale
value. It is obvious that the measurement of these small strains
in fabric materials would present a problem. The straln distribu-
tion, and therefore the shape, of the model would bve slightly
different from the full scale parachute because of the improper
stiffness modeling.
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If, on the other hand, the constructlion details of a model

with proper stiffness for dynamic simultude are considered, the
difficulty of this approach is apparent. A one-third scale model
of the Apollo main parachute with 68 gores would have suspension
lines of 24 pound cord and radials of doubled 13 pound tape.
These tapes would be equivalent to a strip of 1.1 ounce cloth

(42 1b/in) with a width of 0.31 inches. This problem could be
aleviatad somewhat by using a smaller number of gcres. For

the sall material, however, it would be necessary to use some
material other than nylon cloth to simulate the reduced stiffness
while maintalning the proper porosity.

For full scale parachute tests, i1t 1s considered that the most
useful data can be obtained by testing at the actual flight
altitude aad velocity of 10,750 feet and 330 ft/sec., respectively.
The dynamic pressure at this condition is 90 psf and will require
use of a pressure transducer with twice the range of the cur-
rently available Melzig-type (Schjeldahl) transducers.

It should be noted that this limited test series 1s designed

to determine the sultability of the canopy instrumentation as
well as to obtaln useful data., It is anticipated that an ex-
panded test serles including drogue chutes and clustered para-

chutes will be recommended as a next step.
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SECTION 7.0
SUMMARY

The recults of a one-year study of parachute structural analysis
methods utilizing test data accumulated during the Apollo de-
velopment and qualification test programs are presented.. Study
results include: 1) a literature review, 2) refinement and
extenzion of the analysis methods, 3) corrobtoration of the
revhods by comparison of analytical and test results, 4) ap-
plication of the improved method to the Apollo parachutes,

5) a study of dynamic loading effects in pilot parachute risers,
and t) a study of the techniques of measuring loads, strains
and differential pressures in parachutes.

A method for computing the internal load distribution for a
parachute with a given 2pplied riser load and canopy differential
pressure 1s presented. Thils analysls determines the canopy shape
and Iinternal load distrlbution that satisfles equilibrium and
boundary conditions for a glven parachute. The validity of the
analysis 1s demonstrated by comparing the analytically predicted
shape with photographs of the Apollo parachutes. While man;
difficulties are encountered in the interpretation of f1lm data,
reasonably good correlation is obtalned in comparisons of pre-
dicted and observed shapes of the drogue, pllot and main para-
chutes, (See Figures 21, 22, 32, 38, 39, 41 and 42).

Further verification of the method 1s obtained by comparing
the predlcted failure loads and modes for the drogue chute

and three verslions of the main parachutes with structural
fallures that occurred during the Apollo development testing.
It is shown that the analysis correctly predicts the approxi-
mate fallure loads and location of the failurz. (See Tables 1
and 2)
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The analysis 1s lmplemented in a computer program, CANO, which
makes it possible to use a iarge digital computer {IEM 360/65

to perfcrm the many lterative computations required for a solution,
Use 1s made of thils tosl 1in performing s:veral studies, as dis-
cussed in the paragriaphs below.

Drogue Chute Structural Model Variation

A stidy of the sensitivity of the internal lcad distri-
bution to variations in radial tape stiffness was made
to evaluate the assumptions that must be made concerning
the effect of vertical members In the mcdeling of ribbon
parachutes. Results show variations of 8 percent in
horizontal member loading for the range of radial tape
stiffness investigated.

Drogue Chute Pressure Listribution

Canopy profiles and internal 1load distributlons are com-
puted for four different pressure distributions for the
full open drogue chute. For the two extremes investigated,
i.e., peak pressure at the skirt and peak pressure at the
vent, maximum horizontal ribbon lcading varles by 15 per-
cent and maximum radial tape loadirg varies by 10 percent.

Drogue Chute Growth Study

Results of a study of the variation of the shape and in-
ternal loading in the drogue chute for different riser
loading (with similar pressure distributiona) show that
the changes in diameter and internal loading are es-
sentlally linear.
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Pilot Chute Internal Load Distribution

Internal loads are computed for the pllot chute using

a structural model that simulates the slots and the
seams along the edges of the horlzontal panels. Results
show that the midsections of the center panels are the
most critically loaded areas.

Main Parachute Structural lodels

Three versions of the main parachute, representing major
steps In the evolution of the present design, are com-
pared. Results show that leading edge fullness in the
lower sails causes high loading In the trailing edges

of these salls. Addition of reinforcing tapes to the
tralling edges in critical areas lowers the load-to-
strength ratio locally and also reduces the loading in
the unreinforced areas. (See Figure 36)

Main Parachute Failure Analysis

Predicted failure loads and locations, based on the
three structural models discussed above, are compared
with structural fallures that occurred during the Apollo
development programs. Good agreement is shown ktetween
predicted and failure loads with a maximum spread of

+ 13 percent. (See Table 2)

Main Parachute Pressure Distribution and Film Analysis

Since ro information is avallable on the pressure distri-
bution of reefed parachutes, the feasibility of inferring
the pressure distribution from the shape of the canopy 1s
investigated., Although the drop test films available do
not give the profile views required for an accurate de-
termination cof gressure distribution, 1t is shown that a
first approximation can be obtalned from the data avail-
able. This approximation shouid give better accuracy in
the structural analysis than the assumption of uniform
pressure usad in the past.
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Stress-Time Study of the Maln Farachute

previous analyses consldered only three instants in

the orenlng proc<ss of the malr parachute. It was
assumed that maximum riser loading and maximum in-
ternal loading occuarred at the time that the parzchute
reached its maximum inflation conditior. for thne scave
being Investigated. In this study, drop test rilms

are correlated with load traces to determlne the ricer
load .nd degree of inflatlon at eleven Instants during
the opening process, Pressure distributions are also
estimated at these Instants by the technique dlsc.ssed
in the preceding paragraph. With these inp.ats, program
CANO 1s used to compute the load in each parachute ecle-
ment. From these results, stress-time nistorlies for
each sall and for a typical radial tape are constructsd.
(See Figures 45 througt. 48 and Tuble 4',

mum Weig alculation for the Maln Parachute
Optl weight Calculati g the Mmalin P hut

The weight of an ideallzed maln paracnute in which all
members are Jjust strong enough at every point to with-
stand design loading is given. If realistic joint
efficlencies are used in tnis calculation, the ratio of
the Apollo maln parachute weight to the optimum weight
is 1.53. If 100 percent joint efficiencles are used,
this ratio is 2.,17. Although these optimum welights

can never be achieved 1n practice, they car serve as

a yardstick for Judging the efficiency of a parachute
design and, together with proper statistical data, as

a sound basis for predicting the welght of a new design,
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Margin of Safety Calculations for the Main Parachute

The computer program, CANO, that resulted from this
study 1s appllied in computing the margins of safety
for the Apollo main parachute canopy tc 1llustrate
the refinements In strictural analysls made possible
by this study. The margins of safety given in
Appendix B are the minimum valies from 102 comrputer
runs simulating the deployment process. The maximum
applied riser 1lcads for the one-drogue, two-main
entry case are taken from Appendix C of Vol T
Load-time histories are estimated from drc
chotographs. A compre*enslive set of pressu -
tribution curves are applled at each openirg ‘rre-
ment to cover the uncertainty in this area.

A new internal loads analysls for ribbon parach. s 1is also
Included. 1In this analysis, called CANO 1, the structural model
includes vertical ribbons. Internal 1oad solutions are given
ior the drogue chute in both the reefed and disreefed ccndition.
The results show that a significant portion of the meridional
load 1s carried by the vertical ribbons, thereby glving lower
radial tape loading. No t:st data to corroborate these results
are avallable, so the analysis must be used with caution.

A study of data oktained in dynamic loading tests of pilot chute
risers 1s given. An approximate linear-elastic analysis produces
explanations of many aspects of the test data:. It is shown that
longitudinal wave effects must be included in the structural
analysis of pilot chute risers since multiple failures and
fallures in free lengths may occur at loads that would not cause
fajilure if applied statically. It 1s also shown that hystersis
effects must be considered in the load-strain relaticnships used
in the riser dynamic analysis. Improved results are obtalined by
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use of nonlinear statlic load-straln curves and a more accurate
representation of the boundary conditlions 1n a computerized finite
difference method approach. Firther refinement of the mathemati-
cal model 1ls shown to be necessary. Analysls of the pllot chute
rizer test data shows that the dynamlc load-straln curves followed
by the riser nylon webblng are approximately linear, but that
small variations from linearlity produce effects which cannot be
neglected., It is seen that the longitudinal wave speed 1s
sensitive to some as yet undiscovered variable in the tests

with the facility provided by the CANO analycsis for detailed
structural modeling and for investigating many loading conditions,
the accuracy of the reported structural analysis is limited
rainly by the accuracy of input loading data. Although accurate
methods for predicting riser loads have been developed (see

Volume I}, little information is avallable on the distributlon of
aerodynamic forces on the canopy. It is shown In the analysis
that this distribution has a first order efrect on the loading

of 1rndividu:.l parachute members. Results of a study of the
technique< of measuring canopy differential pressure distribution
znd internal loading are glven, together with a plan for a three-
phase test program to acquire these data for the Apollo parachutes.

225 NVR-6432



SECTION 8
CONCLUSICHNS

The conclusions based on the work described in this report are
as follows:

1) The structural analysis method implemented in
computer program CANO glves a satisfactory esti-
mate of the internal load distribution in a para-
chute under known riser and aerodyramic loading.
This conclusion is based on comparisons of pre-
dicted shapes with drop test photographs and on
comparisons of fallure 1loads and modes wlith test
results.

2) When g52d photographic data and riser load traces are
avallable, it is possible to infer the canopy
differential pressure distribution from the canopy
shape. Typical drop test photographs do not pro-
vide the desired accuracy, however.

3) The analysis techniques used in the stress-time
study of the main parachute can be used to> pre-
dict the state of stress in a parachute throughout
the opening process provided that accurate shape-time
and riser force history data are avallable.

4) An analysis of the Apollo drogue chute (a conical
ribbon parachute) indlcatec that a significant
portion of the meridional 1load 1s carriled by the
vertical members. Corroborating test data, which
could be obtained by measuring vertical ribbon and
radial tape loads, are needed to verify the analysis
presented,
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7)

Most of the unexpected results observed in

the riser dynamlcs tests can be explained by

a graphical linear-elastic analysis. A mors
accurate, nonllnear-elastic analysls can be made
by using finite difference methods to s>lve the
dynamical equations of parachute risers inder
impact loading.

Unusual failures such as simultaneous multiple
breaks and fallures in free lengths of pilot
chute risers can be caused by tensile straln
waves at loads that would not cause failure if
applied statically. The wave speeds observed
in the tests were sensitive to some as yet un-
determined variables.

The most important unknown factor in parachute
structural analysis 1s canopy differential pres-

sure distribution. A method for predicting pres-
sure distribution is needed for pretest structural
analysis.
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SECTION G.O
FECOMMENDATIONS

Based on the results of the one-year study of structural
analysis techniques for Apollo spacecraft parachutes, it is
recommended that:

1)

2)

3)

4)

6)

7)

The stress-time analysis method presented in
this report be used in future parachute design
and development programs.

The internal load analysis, CANO, be used to make
a systematic study of the effects of the major
design parameters on parachute weights.

The concept of a theoretically optimum parachute
be used for evaluating the structural efficiency
of existing parachute designs, and that i1t be used
as the basls for predicting the weight of future
designs.

The study of the variation of canopy shape with
pressure distribution be continued to provide a
method for estimating pressure distribution from
drop test photographic data.

A test program be undertaken to measure pressure,
strain and load distribution in parachutes durlng
the opening process.

Corroboration-be sought, by test measurements, for
the internal load analysis for ribbon parachutes
developed in this report.

A method be developed for predicting differential
pressure distribution on parachute canoplies, pre-
ferably an analytically based method with emplirical
support; thils is required to remove a barrier to
advancement of parachute stress analysis technology.
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8) The usefulness of photographic data be improved
in future flight tests by: a) use of airborne,
high resolution cameras to obtain good profile views
at the critical stages of each test, b) distinctive
marking of the canopy members, and c¢) callbration
of onboard cameras before each flight.

9) The variable wave veiocity and other phenomena be
investigated by conducting tests similar to those
described hereln, but with greater controsl over the
manner in which the impact load 1is applied to the
end of the specimen. The specimens should be de-
signed in such a way that discontinuities do not
interfere with precise observation of the wave
action. One series of tests should be optimized
with respect to determining material properties
(dynamic load-straln curve) and a second series of
tests optimized with respect to determining the
behavior (transmission and reflection coefficients)
of Jolints, links and other riser components.

10) The AFTON computer program be applied to a complete
riser model using material property and component
performance data as determined in (9).

11) Experimental impact studies be conducted using
complete riser system specimens 1n order that the
effect of the true boundary conditions be as-
certained.

12) That the data obtained in (9), (10) and (11) be
used to develop a qualified method for dynamic
analysls of pilot parachute risers.
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AVPENDIX A

SUNMMARY OF APOCLZC AERIAL DROP TESTS

The following table contains a summary of the Apsllo aerial drop
tests that have been conducted tc date. This information can be
used as a qulick reference to find the test otjectives, type of
vehlicle, parachute versions, and recorded loads for any particular
drop test. The listed references Indlcate where this data was
obtainea and where addltional data may be found.

Three types ¢f reports are used to record the drop test information:
Paradynamics Technical Memoranda (PTM), Flight Test Reports (FTR),
and Northrop Ventura Keports (NVR).

The Paradynamics Technical Memorandums and the iorthrop Ventura
Reports are formalized reports which were used to complle the in-
formation resulting from the Apollo drop test program. The Para-
dynamics Systems Sectlion was responsible for preparing the PTM's,
and the Flield Test Branch was in charge of the preparation of the
NVR's. Flight Test Reports are data packages which ~ontaln test
objectives, test data, and post-test evaluation of aerial drop
tests. These reports were nrepared by the Analytical Engineering
Branch,

Reference is sometimes made to tests as belng part of Block I,
Block II or Block II (H). The tests associated with these blocks
are as follows:

Block I Test Series 1 thru 62 and 71
Block II Test Series 70 and 73
Block II (H) Test Series 80 thru 99
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APPENDIX B

EXAMPLE MARGIN OF SAFETY CALCULATIONS FOR THE APOLLO
MAIN PARACHUTE

Margin oy safety calculations for one deslgn condition for the
Apollo main parachute, and a comparison with the values given
in the Block II (H) stress analysis19 are presented in this
appendix to illustrate the refinements in parachite structural
analysis made possible by this study.

Design loads are based on the maximum loads for the one-drogue,
two-main (1D/2M) eniry condition computed 1in Appendix C of

1 A load-time his*ory corresponding to these maximum
stage loads 1s constructed analytically with the aid of drop
test films and load traces from representative flight conditions
and confliguration. Canopy differential pressure distributions
are estimated from shape data observed in drop test films and
from the wind tunnel data of Reference 20. The uncertainity

in this parameter 1s satlsfactorily resolved by eopplying a set
of pressure distribution curves that covers the range that can
be reasonably expected to occur. Loadings for all elements of
the canopy structural model (see Section 4.3.1) are computed by
means of program CANO, Safety ractors, temperature degradation
factors, and joint efficiencies are taken from the Block II (H)
stress analysis, Reference 19, pp 281-292,

Volume I.

RISER LOADING

The design ultimafte loads for the one-drogue, two-maln entry

case are obtained by multiplying the limit loads computed in

this study (Appendix C of Volume I) by a safety factor of

1.35. The table below gives the new 1loads used In tnis analysis,
and also the corresponding values, for comparison, from Reference 19,
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Design Ultimate Loads - 1L/2¥ Entry Condition

new Lcad 0ld Icai

(1.35 x Limit Load {Fror Reference 13)
from Volume I)

First stage 25,200 1b 27,350 1b
Second Stage 24,800 1b 31,600 1t
Open 25,200 1b 29,700 1o

For this analysis, internal loads are computed at critical time
instants throughout the cpening process. These events, called
Inflation states in this analysis, correspond to the inflaticn of
the individual sails. For example, Inflation State 1 occurs just
as Sail 1 inflates and ceases to flutter randomly. By identifying
this event in drop test films and correlating the t ' ming with

1oad traces, the fraction of the maximum stage load present at
each inflation state can be established. Design loads are ob-
tained by multiplying the stage design 1oad by this factor.

Table B-1 summarizes the design loads used iIn this analysis.

Table B-1

Inflation Fraction of vesign
State Max. Stage Ultimate
Load Load, 1lb

1 T4l 18,670

2 . 806 29,310

3 .882 22,200

L 1.00 25,200

5 .819 20,310

6 1.00 24,800

7 ) 24,800+*
8 .59 24,800*

9 . 645 16,250
1¢C 795 20,030
11 1.000 25,200
12 - 952 23,990

® Maximum load is applied throughout latter portion of this stage
to ccver uncertalnity 'n inflation-time history.
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PRESSURE DISTRIBUTION

Program CANO proportions local pressure acting on each element

in accordance with any svecified distribution curve and adjusts
overall magnitude to balance the applied riser lcad. “Tariations
in the shape of the pressi're curve have a first order effect on
the stresses in individual elements. Because of the many practical
problems involved in direct measurement of differential pressires
in irflating parachutes, no measurements were made during the
Apollo test programs. Some knowledge of this parameter has been
gained indirectly from drop test photographle coverage by comparing
observed canopy shapes with shapes computed by the CANO computer
program, using assumed distribution curves (see Sectinn 4.3 3},
Fressure measurements made by Melzigao’zl in wind tunnel and
flight tests, while not directly applicable to the Apsl1lo para-
chutes, proviade general knowledge of the variations in pressure
distribution during inflation. However, the available data is
not considered accurate enough for prediction of precise pressure
distributions for use 1n the stress analysis. To provide a con-
servative analysis, a comprenensive set of distribution curves
that covers the worst cases that can be reassnably expected to
occur 1s applied for each inflation state. 7he family of curves
shown in Figure B-1 resulted from shape analysis of Apollo drop
test films, from Melzig's test resultseo’el, and from a computer
study of the effect of pressure distribution curve shapes on In-
ternal loading. As shown in Figure Bl, a pressure peak is applieu
at various locations in the inflated portion of the canopy frcm
the vent to the leading edge. For each inflation state, load
calculations for the entire canopy are made for a number of pres-
sure curves, selected to glve peak oressures on each sail in turn.
Table B-2 gives a summary of the results of these calculations in
the form of load-strength ratics (applied load + rated strength)
for the critical element of each sall for the 1oading conditions
consldered.
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Table B-2 Sail Load-Strength Ratios

Sail Number

Load | Pressure - - i,
b |Curve No.{ 1 2 '3 &4 5 6 7 .8 3 10.11.12
First Stage o ' )
18,670 9  1.36 | o
20,310 9 .37 .07 -
20,310 5 .34 .18 o ) ST
22,220 9  ..36 .25 .03 - .
22,220 16 .38 .33 .04 . T ]
22,220 3 .35 .34 .10 ' ]
25,200 9 .40 .35 .06 .02 - L
| L 17 .39 .38 .08 .02 . :
| 5 [.37,.37 .19..03 3 -
| 12 -35..35..26}.06" -]
25,200 20 .32;.33 .28 .10 !

Second Stage ‘ f

20,310 | 9 1.317.30 .10 .02 0
| 8 .31°.31 .13 .02 0
6 .29 .30 L2002 o0 . TTTTT T
' | & .27 .28 .23 .07 O ” S
20,310 13 .25 .26 .23 .09 .0, B N
2,800 . 9 1.35 .34 .20 .04 .02 .02 T
| 18 1.347.34 .22 .04 .0z .02 'T
7 1.33..34 .26 .06 .02 .02
I .29 .31 .28 .12 .03 .02
"~ 6 |.27..29 .28 .19 .09 .02 _ )
11 |.27 .28 .28 .20 .11 .09
9 |.33].33 .24 .07..03 .03 .01
18 .32..33 .25 .07 .03 .03 .0l
| 7 :30".32 .28 .12'.04 .03 .01’
T 1s .28:.30 .29 .187.05 .04 .02. .
.13 .25;.28 .28 .23 .12 .10 .03 -
1 .231.26:.27 .§E+”Ié~"I§-_6§”'"'*"'
.9 [.31]32].26 .127.04 .03 .c2 0L )
v [ 17 l.29].31 .28.16 .05 .04 .03 .01
2,,800| 6 .27 29J .29..22].07,.06 .03 .01
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Table B-2 (Concluded)

Load | Pressure Sail Number . ——
b |CurveNo.[1 ]2 3 4 567 ]8l9T10711 12
24,800 | 4 |.241.27|.281.251.14.13].05/.02} | | |

13 .23 .25.27|.25 -171.16/.06}.02| i ]

12 -23E-25L1?6Jl2?;'19 Jdzf.10f.03] ¢

1 .22°.24|.26].251.24|.26[.15,.09] | P
24,800 | 20  |.21 .24.26].25|.27|.16].19].10 |

Third Stage ‘ ! !

16,250 9 [.19 .20/.18'.11;.04|.03].02].01 -0}0___4.au,_m,
8 .181.19{.19{.12}.04].04|.00| 0 |.01 :
16 .17/.18/.19{.16{.06|.05|.03|.02{.01 |
| [.u].6].17[.06].13].131.05].02[.00] |
3 .13[.24[.16].16].16].08].12].04] .01 |
2 .12].140.15].15/.18].21{.16|.07|.02 : ]
16,250 1 22113014 (.15 .19].221.19(.10( .04 o
20,030 5 .16].18[.19].19].19].21[.12{.0%[.02[.00]
L .14.16!.18].18}.22].25]/.19{.06].03].00] -
3 14[.15/.191.18}.23].27|.24|.12].04!.00] |
2 .13]1.14{.16|.17{.24!.28|.27|.18{.07|.02 !
20,030 1 .06.12(.15[.17[.23.28[.29;.22]|.10{.05} °
25,200 9 .23[.25].25.22].14.15].08].04].02] .01 .01
| 7 .20{.23[.25].241.207].22[.13].05].03{.c2 .01
15 .17{.20].23.23].27|.30[.22].09].04 .02, .01+
14 .16.19].22].23].29].33.29[.15!.05|.02 .01,
13 .15,.17|.20|.23|.29|.34[.33[.23,.08/.03;.01;
12 .13:.16].19(.22(.29}.34|.26|.29|.15{.05i .02!

! 2 .13].15[.18].22{.29(.33].35].30{.18 .65;f6§+""“
25,200 1 12(.14].17].21].28(.331.35].30{.23].13 .06
23,990 18 .20|.23(.24.22].19].21}.14].06].03].02 0 | O

6 .12].19(.221.23{.27].31].26].15}.05|.03|.02] .01

5 .15].17(.21].23].29].34].32].21|.08]. 03] .02" .01

3 121,14 ].18(.211.28[.33].35|.32].21].09] .04} .01

23,990 20 .04].10].13[.16{.23].29].33].35].31].28] .24 .10
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MARGINS OF SAFETY WITH NEw LOADS

The critical load-strength ratios from the CANO solutions are
used, together with joint efficlencies and design factors from
the Block II(H) stress analysislg, to compute the margins of
safety for the major canopy components.

_Jcint Eff x Thermal Factor x Abrasion Factor
~ Load-Strength Ratlo x Unsym. Load Factor
Corresponding margins from Reference 19 are also shown for
comparison. The difference in the compared margins is due to
the revised load input values and the refined stress analysis.

MS -1

Sails

The critical load-strength ratios shown in Table B-2 are used,
together with the design factors listed below, to calculate the
margins shown in Table B-3.

Design factors:

Joint Efficiency 0.55 Thermal Factors

Abrasion Factor 1.CO First Stage 0.87

Unsym. Loading 1.05 Second Stage 0.92
Open 0.94

Table B-3, Sail Margins of Safety with New Loads

Sail Number Margin of Safety

1st Stage 2nd Stage Open
1 .15 48 1.5
2 .22 (.05)* 40 1.2
3 .63 67 (.17)* 1.0
mn high .90 1.05
5 .82 .69
6 .89 U6
7 1.6 .40
8 high .43
9 .58
10 .72 (.10)*
11 1.2
12 high

# Values shown in parenthesis ( ) are margins given in Refereﬁce
19 for the 1D/2M entry condition.
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Suspension Lines

Maximum suspensi~n line loads from the calculations dicussed
above are:

First stage 371 ib
Second stage 367 1b
Third stage 379 1b

Rated strength and design factors from Reference 19 are:

Rated strength 650 1b
Joint e"ficiency 0.86
Thermal factors
First stage 0.87
Second stage 0.92
¢ Open 0.94

Abrasion factor 0.96
Unsymmetrical loading 1.05

Margins of Safety with New Loads

Preczent Analysis From Reference 19
First stage 0.20
Second stage 0.28 0.0
Open 0.27

Skirt and Vent Bands

Maximum loads computed for the skirt and vent bands for the full
open, split gore condition are:

Skirt band 1240 1b
Vent band 3590 1b

Rated strength and design factors from Reference 19 are:

Rated strength Skirt band 2400 1.
Vent band 5200

255 NVR-6432



Joint efficliency N
Abrasion 0,90
Thermal 0.26€

Margins of Safety with new Loads

Skirt band = 0,.0¢
Vent band = 0.27

Corresponding values arc not shown in Refe:ence 12 since che
entry condition was not cricital for these members,

Radial Tapes

Maximum radial tape loads from the previous calculatlons are:

First stage 381 1b
Second stage 415 1b
Open 372 1b

Rated strength and deslign factors from Reference 10 are:

Rated strength 2 x 350 = 700 1b
Joint efficiency 0,89
Abrasion factor 0.96

Unsymmetrical load 1.05

Thermal

First stage 0,87
Second stage 0.92
Open 0.96

Margins of Safei.y with New Loads

Present Analysis From Reference 19
First stage MS = .30
Second 3tage MS = .26 .00
Open MS = 44
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CONCLUDING REMARKS

This analysis could be extended to other design cases where
applicable empirical data {load-inflation history) is available.
It is of interest to note here that the calculations for each
of the 68 solutlions reported in Table B-2 would have reguired
approximately one man-week of effort with the analysls tools
avallable at the beginning of this study. With program CANO,
additional solutions (once the structural model is set up) are
obtained by » single punched card input. Execution time on a
large digital computer (IBM 360/65) averages less than two
minutes per solution.

The example case (one-drogue, two-main, entry) is presented to
illustrate the 1improved stress analysis made possible by this

study. The foregolng MS calculations are therefore intended to
provide an illustration of the techniques and not to establish
officlal changes in the Apollo ELS margins of safety of record.
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